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first radically polymerizable monomer from the initiator; and adding first radically polymerizable monomers to the emulsion. 
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TITLE 

Atom Transfer Radical Polymerization in Microemulsion and True Emulsion Polymerization 
Processes 
INVENTORS 

5 Krzysztof Matyjaszewski and Ke Min 

TECHNICAL FIELD OF THE INVENTION 

The present invention is directed to atom transfer radical polymerization (ATRP) 
processes including microemulsion ATRP processes and to ab-initio emulsion ATRP processes. 

BACKGROUND OF INVENTION 

10 ATRP is a versatile, controlled/living polymerization process. ATRP has been 

described by Matyjaszewski in U.S. Patent Nos. 5,763,548 and 5,807,937 and in the Journal of 
Americal Chemical Society, vol. 117, page 5614 (1995), as well as in ACS Symposium Series 
768, and Handbook of Radical Polymerization, Wiley: Hoboken 2002, Matyjaszewski, K., and 
Davis, T. P., editors (Handbook of Radical Polymerization), specifically Chapter 11, all hereby 

15 incorporated by reference. In controlled polymerizations such as ATRP, fast initiation and low 
termination rates result in the preparation of well-defined polymers with low polydispersity. A 
variety of initiators, typically alkyl halides, have been used successfully in ATRP. As used herein, 
an "ATRP initiator" is a chemical compound or functionalized particle comprising radically 
transferable atom or group, such as a halogen or a transferable (pseudo)halogen. Many 

20 different types of halogenated compounds may be used as potential ATRP initiators. ATRP can 
be conducted in bulk or in solution using solvents selected to dissolve the formed copolymer. 

Living/controlled polymerizations typically, but not necessarily, comprise a 
relatively low stationary concentration of propagating chain ends in relation to dormant chain 
ends. When the chain is in the dormant state, the chain end comprises a transferable atom or 

25 group. The dormant chain end may be converted to a propagating chain end by loss or 
weakening of the bond of the transferable atom or group in a reaction with an added transition 
■ metal complex. 

In ATRP, radically polymerizable monomers are polymerized in the presence of a 
transition metal catalyst. For a list of radically polymerizable monomers, see U.S. Patent No. 
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5,763,548, hereby incorporated by reference. Though the details of the complex mechanism 
are not fully understood, it is believed that the transition metal catalyst participates in a redox 
reaction with at least one of an ATRP initiator and a dormant polymer chain. Suitable transition 
metal catalysts comprise a transition metal and a ligand coordinated to the transition metal. 

5 Typically, the transition metal is one of copper, iron, rhodium, nickel, cobalt, palladium, or 
ruthenium. In some embodiments, the transition metal catalyst comprises a copper halide, and 
preferably the copper halide in the activator state is one of Cu(l)Br or Cu(l)CI. 

There are basically four types of polymerization in aqueous dispersed media: 
suspension polymerization, emulsion polymerizations, mini emulsion polymerization and 

10 microemulsion polymerizations. The classification of the process depends on the size of the oil 
droplets and micelles in the aqueous phase and the composition of the individual oil droplets 
and micelles. Controlled/living emulsion polymerizations are economically and environmentally 
important for industrial production of commercially viable products. An initial step towards 
expanding the scope of ATRP to aqueous dispersed media was ATRP in an emulsion 

15 polymerization system. [U. S. Patent 6,121,371 and Gaynor, S. G.; Qiu, J.; Matyjaszewski, K. 
Macromolecules 1998, 31, 5951-5954; and Chambard, G.; De Man, P.; Klumperman, B. 
Macromol. Symp. 2000, 750, 45-51.] While some level of control was attained the system 
behaved in many ways like a suspension polymerization. In this process, the catalyst was 
initially dissolved in the monomers prior to forming the emulsion. Therefore, the majority of the 

20 catalyst was present in the monomer droplets and not the micelles. Only a limited portion of the 
catalyst could be transported through the aqueous phase from droplets to micelles. Therefore, 
polymerization occurred throughout the dispersed oil phase. 

There has been significant research in miniemulsion polymerization processes 
for aqueous biphasic ATRP, and other controlled/living radical polymerizations (CRP) processes 

25 such as Nitroxide Mediated Polymerization (NMP) and Reversible Addition Fragmentation 
Transfer (RAFT). See, for example, U. S. Patent 6,759,491, U. S. Application No's 10/271025 
and PCT/US05/007265. Miniemulsion polymerization process overcame the problem of mass 
transport of monomers and/or catalyst components through the aqueous phase thereby 
providing significantly improved control over the polymerization their suspension 

2 
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polymerizations. Such improved control may allow preparation of stable latexes comprising 
polymeric materials of controlled molecular composition and functionality. Homopolymers [Li, 
M.; Min, K.; Matyjaszewski, K. Macromolecules 2004, 37, 2106-2112.], block copolymers [Li, M.; 
Jahed, N. M.; Min, K.; Matyjaszewski, K. Macromolecules 2004, 37, 2434-2441; and Min, K.; 

5 Gao, H.; Matyjaszewski, K. J. Am. Chem. Soc. 2005, 127, 3825-3830.], and gradient 
copolymers [Min, K.; Li, M.; Matyjaszewski, K. J. Polym. ScL, Part A: Polym. Chem. 2005, 43, 
3616.] have been successfully prepared in a miniemulsion polymerization system by ATRP. 

U. S. Patent 6,624,262, hereby cited and incorporated by reference in its entirety, 
describes a controlled radical polymerization process, such as ATRP, that allows preparation of 

10 materials where aspects of composition, topology or architecture and functionality can be 
predetermined in addition to the polymerization exhibiting first-order kinetics behavior, 
predeterminable degree of polymerization, narrow molecular weight distribution, and long-lived 
polymer chains. Understanding the scope and meaning of this language is important since prior 
art microemulsion polymerization procedures discussed below use similar language to that 

15 employed in ATRP but do not, and indeed cannot, prepare similar polymers. 

There is a need therefore to develop a robust controlled radical polymerization 
process that can be conducted in dispersed aqueous media that can control all the desired 
molecular and process parameters. There is also a need for an aqueous dispersed 
polymerization process that can be conducted with a commercially viable concentration of 

20 reagents in commercially viable equipment at a commercially viable scale. 

SUMMARY OF INVENTION 
Embodiments of the invention are directed to a microemulsion polymerization 
comprising adding a polymerization catalyst precursor, such as a transition metal complex in the 
higher of two accessible oxidation states, an ATRP initiator, and an organic solvent to an 

25 aqueous solution to form an emulsion. First radically polymerizable monomers and a reducing 
agent may be added to the emulsion. The reducing agent converts the catalyst precursor to a 
catalyst for polymerization of the first monomer from the initiator. In certain embodiments the 
organic solvent may comprise radically polymerizable monomers. The aqueous solution may 
comprise a surfactant. 

3 •■ „ 
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Further embodiments are directed to an ab initio polymerization process 
comprising adding a polymerization catalyst precursor; an ATRP initiator, and an organic solvent 
to an aqueous solution to form an emulsion, wherein the organic solvent comprises second 
radically polymerizable monomers, adding a reducing agent to convert the catalyst precursor to 
5 a catalyst for polymerization of the first radically polymerizable monomer from the initiator; and 
adding first radically polymerizable monomers to the emulsion. 

Therefore before describing the present invention in detail, it is to be understood 
that this invention is not limited to specific compositions, components or process steps, as such 
may vary. It is also to be understood that the terminology used herein is for the purpose of 
10 describing particular embodiments only, and is not intended to be limiting. 

As used in the specification and appended claims, the singular forms "a," "an," 
and "the" include plural referents unless the context clearly dictates otherwise. Thus, for 
example, reference to "a polymer" may include more than one polymer, reference to "a 
substituent". may include more than one substituent, reference to "a monomer" may include 
15 multiple monomers, and the like. 

In describing and claiming the present invention, the following terminology will be 
used in accordance with the definitions set out below. 

The term "polymer" is used to refer to a chemical compound that comprises 
linked monomers, and that may or may not be linear; the term "polymer" includes homo polymer 
20 and copolymers. "Optional" or "optionally" means that the subsequently described 
circumstance may or may not occur, so that the description includes instances where the 
circumstance occurs and instances where it does not. For example, the phrase "optionally 
substituted" means that a non-hydrogen substituent may or may not be present, and, thus, the 
description includes structures wherein a non-hydrogen substituent is present and structures 
25 wherein a non-hydrogen substituent is not present. The term "narrow molecular weight 
distribution" or "narrow polydispersity" are used herein to mean a molecular weight distribution 
or polydispersity of less than 2.0. 
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In the following discussion, the actual experiments are identified using the 
numbering system employed in the note books. There is no significance other than 
identification to the numbering system. 

BRIEF DESCRIPTION OF THE DRAWINGS 
5 Figure 1A is a schematic representation of an embodiment of a microemulsion 

ATRP process comprising adding a polymerization catalyst precursor in the higher oxidation 
state and first radically polymerizable monomers to an aqueous surfactant solution, forming an 
emulsion, adding a second radically polymerizable monomer, purging and forming the precursor 
of an emulsion system, and adding a reducing agent to activate the catalyst complex to initiate 
10 the polymerization; 

Figure 1B is a schematic representation of an embodiment of an ab initio 
emulsion ATRP process comprising adding a polymerization catalyst precursor in the higher 
oxidation state and first radically polymerizable monomers to an aqueous surfactant solution, 
forming an emulsion, adding a reducing agent to activate the catalyst complex to initiate the 
15 polymerization, and subsequently adding a second radically polymerizable monomer; 

Figure 2 are typical GPC traces of polymers prepared by conventional radical 
polymerization, normal ATRP, reverse ATRP, and AGET ATRP of MMA in a microemulsion 
polymerization process; 

Figure 3 are Transmission Electronic Microscopic (TEM) images of the micro- 
20 latex produced from embodiments of the microemulsion ATRP processes in which the micro- 
latex shown in (A) is from an embodiment of Normal ATRP, (B) is from an embodiment of 
Reverse ATRP, and (C) is from an embodiment of AGET ATRP microemulsion process; 

Figure 4 shown the difference in appearance between a microlatex formed by an 
embodiment of a microemulsion ATRP process before (A) and after (B) treatment with ion- 
25 exchange resins to remove the catalyst, and the microlatex produced by a conventional 
microemulsion polymerization (C); 

Figure 5 shows various kinetic plots of data gathered from embodiments of a 
microemulsion ATRP process for preparing a gradient copolymer of t-butyl acrylate and n-butyl 
acrylate demonstrating controlled incorporation of a second monomer into an active bi-phasic 
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ATRP in which (A) is a graph of the composition of the gradient polymer versus conversion; (B) 
is a graph of polymer yield in grams versus number average molecular weight, and (C) is a 
graph of data from various embodiments of conversion versus instantaneous composition; 

Figure 6 shows various kinetic plots of data gathered from embodiments of a 
5 microemulsion ATRP process comprising styrene monomers; 

Figure 7 shows various kinetic plots of data gathered from embodiments of a ab 
initio emulsion AGET ATRP process is which (A) is a first order kinetic plot and (B) displays the 
molecular weight evolution with monomer conversion for polymerization of butyl acrylate; 

Figure 8 shows various kinetic plots of data gathered from embodiments of a ab 
10 initio emulsion AGET ATRP process is which (A) is the first-order kinetic plot for polymerization 
of butyl acrylate followed by chain extension with styrene as shown in (B) by adding styrene in- 
situ after 210 minutes in an ab-initio emulsion wherein the concentrations of components is 
[BA] :[St]: [EBiB]: [CuBr 2 /BPMODA]: [ascorbic acid] = 160: 140: 1: 0.2: 0.008 and the 
concentration of surfactant [Brij 98] is 9.5 % based on weight of the monomer, the solid content 
15 is 26 % (based on 100% conversion); and (C) shows the GPC traces of polybutyl acrylate and 
poly butyl acrylate-co-styrene before and after the addition of styrene to the polymerization; 

Figure 9 is a graph of the cumulative composition of a polymer formed by an 
embodiment of the a microemulsion ATRP process comprising butyl acrylate and styrene, 
wherein styrene is in the second block of the copolymer; 
20 Figure 10 shows various kinetic plots of data gathered from embodiments of an 

ab initio emulsion AGET ATRP process including GPC curves; 

Figure 11 shows various kinetic plots of data gathered from embodiments of an 
ab initio emulsion AGET ATRP process of methyl methacrylate; 

Figure 12 shows various kinetic plots of data gathered from embodiments of an 
25 ab initio emulsion AGET ATRP process Kinetic plots and GPC curves for Run KM 559 
comprising butyl acrylate; 

Figure 13 shows various kinetic plots of data gathered from embodiments of an 
ab initio emulsion AGET ATRP process in which (A) is the first-order kinetic plot of- the butyl 
acrylate polymerization and (B) is the first-order kinetic plot after adding styrene St in-situ after 
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210 minutes to an ongoing ab-initio emulsion, where the concentration of the components are 
[BA]:[St]:[EBiB]:[CuBr 2 /BPMODA]:[ascorbic acid] = 160:140:1:0.2:0.008 and the concentration of 
surfactant [Brij 98] is 9.5 % based on monomer and the solid content is 26 % (based on 100% 
conversion); 

5 Figure 14 are GPC traces of polybutyl acrylate and poly(butyl acrylate co styrene) 

samples before and after the addition of styrene in the embodiment of Figure 13; 

Figure 15. is a graph of the cumulative compositions of butyl acrylate and, styrene 
in the second block of copolymers (after addition of styrene) of the embodiment of Figures 13 
and 14; 

10 Figure16 displays graphs of the kinetic data and conversion graph for an 

embodiment of an ab-initio emulsion ATRP process activated by adding a reducing agent, 

wherein the reducing agent is hydrazine; 

Figure 17 is a graph of the kinetic data for a methyl methacrylate polymerization 

process with catalysts activated by different amounts of ascorbic acid as reducing agent; and 
15 Figure 18 is a graph of the kinetic data for run KM 663, an embodiment of a 

miniemulsion AGET ATRP process activated by adding a reducing agent, wherein the reducing 

agent is fructose. 

Description of Embodiments of the Invention 

Embodiments are directed to a microemulsion polymerization comprising adding 
20 a polymerization catalyst precursor, such as a transition metal complex in the higher of two 
accessible oxidation states, an ATRP initiator, and an organic solvent to an aqueous solution to 
form an emulsion. First radically polymerizable monomers and a reducing agent may be added 
to the emulsion. The reducing agent converts the catalyst precursor to a catalyst for 
polymerization of the first monomer from the initiator. In certain embodiments the organic 
25 solvent may comprise radically polymerizable monomers. The aqueous solution may comprise 
a surfactant. 

Further embodiments are directed to an ab initio polymerization process 
comprising adding a polymerization catalyst precursor; an ATRP initiator, and an organic solvent 
to an aqueous solution to form an emulsion, wherein the organic solvent comprises second 
7 
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radically polymerizable monomers, adding a reducing agent to convert the catalyst precursor to 
a catalyst for polymerization of the first radically polymerizable monomer from the initiator; and 
adding first radically polymerizable monomers to the emulsion. As used herein, an "ab initio" 
polymerization is a polymerization process in which an emulsion is present prior to initiation of 
5 the polymerization and added monomers can diffuse from monomer droplets to the active 
micelles. 

ATRP has been successfully extended to an ab initio emulsion system using a 
"two-step" procedure, in which the emulsion polymerization process was formed by adding 
additional radically polymerizable monomer to an initiated microemulsion ATRP process. In 

10 specific embodiments, activators generated by electron transfer (AGET) ATRP initiation process 
may be used in the microemulsion ATRP process. AGET initiation allows using oxidatively 
stable catalyst precursors, such as transition metals in the higher of two accessible oxidation 
states, for example Cu(ll), that is reduced in situ by a reducing agent, such as ascorbic acid. In 
certain embodiments of the ab initio polymerization process, the surfactant concentration in the 

15 final emulsion system is less than 6 wt % (less than 30 wt % vs monomer). By decreasing the 
catalyst concentration and changing the ratio of the first radically polymerizable monomer added 
at the microemulsion stage to the second radically polymerizable monomer added during the 
second stage the surfactant concentration in the final emulsion system of certain embodiments 
may be less than 2 wt % (less than 10 wt % vs. monomer). Embodiments of the ab initio ATRP 

20 polymerization process avoids the problems of transporting catalysts through the aqueous 
media during polymerization. A controlled emulsion polymerization is evidenced by a linear first- 
order kinetic plots and formation of polymers with a narrow molecular weight distribution 
(Mw/Mn = 1.2-1.4), embodiments of the polymerization processes described in the Examples. 
The resulting polymer had high chain-end functionality and may be successfully chain extended 

25 to form in situ block copolymers by adding additional monomer to an ongoing emulsion 
polymerization. Embodiments of the emulsion ATRP processes as described in the Examples 
produced stable latexes having a particle size -120 ± 10 nm. 

In ATRP, radically polymerizable monomers may be polymerized in the presence 
of a transition metal catalyst. The transition metal catalyst participates in a reversible redox 
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reaction with at least one of an ATRP Initiator and a dormant polymer chain. Suitable transition 
metal catalysts comprise a transition metal and, optionally, at least one ligand coordinated to the 
transition metal. The activity of the transition metal catalyst depends on the composition of the 
transition metal and the ligand. 

5 Typically, the transition metal is one of copper, iron, rhodium, nickel, cobalt, 

palladium, molybdenum, manganese, rhenium, or ruthenium. In some embodiments, the 
transition metal catalyst comprises a copper halide, and preferably the copper halide is one of 
Cu(l)Br or Cu(l)CI. To function as an ATRP catalyst, the transition metal must have at least two 
readily accessible oxidation states separated by one electron, a higher oxidation state and a 

10 lower oxidation state. The reversible redox reaction results in the transition metal catalyst 
cycling between the higher oxidation state (the "deactivator state") and a lower oxidation state 
(the "activator state") while the polymer chains cycle between having propagating chain ends 
and dormant chain ends. Living/controlled polymerizations typically, but not necessarily, 
comprise a relatively low stationary concentration of polymers comprising propagating chain 

15 ends in relation to polymers having dormant chain ends. When the polymer has a dormant 
chain end, the chain end comprises the transferable atom or group. The dormant chain end 
may be converted to a propagating chain end by loss of the transferable atom or group to the 
transition metal catalyst. The description of the mechanism of an ATRP is provided for 
explanation and is not intended to limit the invention. The disclosed mechanism is generally 

20 accepted, but different transition metal catalyst may result in different mechanisms. The ligand 
affects the structure of the catalyst, the solubilizing effect, and catalyst activity. See Catalyst 
Development www.chem.cmuedu/groups/maty/about/research/05.html, hereby incorporated by 
reference. 

In various embodiments of ATRP, the catalyst is matched with the initiator to 
25 initiate the polymerization. In a Normal ATRP, the reaction medium initially comprises an 
initiator comprising a radically transferable atom or group and a catalyst in its lower oxidation 
state of the two accessible oxidation states. During the polymerization process, the radically 
transferable atom or group transfers to the transition metal catalyst producing a catalyst in the 
higher of the two accessible oxidation states and an initiator with a propagating chain end. The 
9 „ 
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monomer may then add to the initiator at the propagating chain end until the radically 
transferable atom or group is transferred back to the propagating chain end to form a dormant 
chain end on growing polymer. The process is then repeated until the polymer is terminated or 
the reaction stops. 

5 In a Reverse ATRP, the catalyst is added in the higher of the two accessible 

oxidation states and a conventional radical initiator is used. The catalyst in the higher of two 
oxidation states is generally more stable and more easily handled that the transition metal 
catalyst in the lower oxidation state, since it may not be oxidized as readily in the polymerization 
media. After addition and gradual decomposition of the conventional radical initiator to radicals, 

10 the transition metal in the higher oxidation state is reduced to its lower oxidation state by 
reaction of the initiating/propagating radicals thereby initiating the polymerization of monomers. 

In Activators Generated by Electron Transfer ("AGET") ATRP, the catalyst is 
added in the higher of the two accessible oxidation states and an ATRP initiator is used. To 
initiate the polymerization a reducing agent is added to reduce the catalyst from the deactivator 

15 state to the activator state. 

An embodiment of the microemulsion polymerization process is shown 
schematically in Figure 1A. In this embodiment, the transition metal catalyst comprises a 
transition metal complexed to a hydrophobic ligand. The hydrophobic ligand causes the catalyst 
to remain substantially in the oil phase of the emulsion in both oxidation states. 

20 An embodiment of an ab initio emulsion polymerization process is shown in 

Figure 1B. In this embodiment of the ab initio emulsion ATRP process comprises adding a 
reducing agent prior to the addition of the radically polymerizable monomer to further ensure 
encapsulation of the transition metal catalyst and initiator in micelles, as shown in Figure 1B. 

Polymers prepared by microemulsion polymerization processes have been the 

25 subject of considerable research interest, because of their small latex size and complex 

structural behavior, this process results in the preparation of materials that are suitable for use 

in a broad range of hi-tech applications. [Chow, P.; Gan, L. M. Adv. Polym. Sci. 2005, 175, 257- 

298.] These include cleaning formulations, pharmaceutical formulations for improved drug 

solubilization/delivery, coating formulations, and many others. [Lindman, B.; Friberg, S. E. In 
10 
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Handbook of Microemulsion Science and Technology; Kumar, P.; Mittal, K. L, Eds.; Marcel 
Dekker: New York, 1999.] Because of the small particle size that may be attained in 
microemulsion systems, the polymer particles possess a significantly large interfacial area 
which leads to an attractive alternative to emulsion based polymerization procedures for the 

5 preparation of ion-containing membranes. [Chow, P. Y.; Chew, C. H.; Ong, C. L; Wang, J.; Xu, 
G.; Gan, L. M. Langmuir 1999, 15, 3202-3205.] Moreover, microemulsion polymerization has 
found application for synthesis of templates for the design of mesoporous structures [El-Safty, S. 
A.; Hanaoka, T.; Mizukami, F. Chem. Mater. 2005, 17, 3137-3145] and opened up possibilities 
for the preparation of inorganic nanomaterials. [Cao, M.; Wu, X.; He, X.; Hu, C. Langmuir 2005, 

10 21, 6093-6096.] Unlike a regular emulsion polymerization, the precursor of a microemulsion 
polymerization system is a thermodynamically stable, optically transparent or translucent, 
isotropic dispersion of oil in water, containing domains of nanometer dimensions, all stabilized 
by suitable surfactants. [Gilbert, R. G Emulsion Polymerization; Academic Press: London, 1995.] 
The initial microemulsion systems typically employed an aliphatic alcohol as a cosurfactant. 

15 [Staffer, J. O.; Bone, T. J. Polym. Sci. Polym. Chem. Ed. 1980, 18, 2641-2648.] However, 
subsequently attention has been focused on the kinetics and mechanisms of three-component 
microemulsion polymerizations comprising water, oil (including monomers) and a surfactant. 
[Ferrick, M. R.; Murtagh, J.; Thomas, J. K. Macromolecules 1989, 22, 1515-1517.] Most studies 
have dealt with the polymerization of hydrophobic monomers, typically forming a stable latex 

20 composed of polymer particles with particle size ranging from 10 to 100 nm. Although small 
polymeric particles were produced in these cited examples the polymers comprised high 
molecular weight, broad molecular weight distribution and limited control over polymer 
functionality typical of uncontrolled polymerization processes. 

Microemulsion polymerization processes are considered to involve a micellar 

25 nucleation mechanism for polymerization of hydrophobic monomers in monomer-swollen 

micelles. [Kuo, P. L; Turro, N. J.; Tseng, C. M.; El-Aasser, M. S.; Vanderhoff, J. W. 

Macromolecules 1987, 20, 1216-1221.] Therefore, a microemulsion polymerization is similar to 

a miniemulsion polymerization in that there are not a significant amount of large monomer 

droplets (with the size of several micrometers) suspended in the dispersed media prior to 
11 
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initiation of the polymerization. The monomer-swollen micelles behave as individual nano- 
reactors during a microemulsion polymerization and, therefore, mass transfer of reactants may 
essentially be ignored. A microemulsion polymerization provides a feasible reaction 
environment for a catalytic controlled/living radical polymerization such as ATRP, since the 
5 catalyst may be present in the oil phase during the polymerization, particularly if a sufficiently 
hydrophobic ligand is complexed to the transition metal. However, as described below, 
selecting conditions for controlled initiation of the ATRP reaction has been problematic and 
apparently has precluded prior attempts to conduct a successful microemulsion ATRP process, 
particularly one that controls both molecular weight and molecular weight distribution. 

10 The examples provided below disclose the first successful results of conducting a 

well controlled microemulsion ATRP process. Both Normal ATRP and Reverse ATRP [U. S. 
Patent 5,763,548] were examined as initiating procedures for a microemulsion ATRP. In 
addition to Normal and Reverse ATRP, the newly developed AGET ATRP initiative technique 
[PCT/US05/007265 and Jakubowski, W.; Matyjaszewski, K. Macromolecules 2005, 38, 4139- 

15 4146.] was also examined as a means to initiate the polymerization. As shown by the GPC 
traces of the polymers prepared by emulsion AGET ATRP process, see Figure 2, polymers with 
predetermined molecular weight, narrow molecular weight distribution and preselected terminal 
functional end groups were prepared. AGET ATRP therefore provides a method to initiate a 
microemulsion ATRP process and further demonstrates steps to be taken in order to run either a 

20 Normal or Reverse ATRP in a microemulsion polymerization. 

A microemulsion AGET ATRP comprises water, a surfactant, and an oil phase; 
wherein the oil phase comprises an ATRP initiator, and an air-insensitive transition metal 
catalyst in the higher of two accessible oxidation states ("catalyst precursor") and, optionally, an 
organic solvent, the catalyst precursor may be reduced in situ by the addition of a reducing 

25 agent. 

The reducing agent for an AGET ATRP may be any reducing agent capable of 
reducing the transition metal catalyst from the higher of two accessible oxidation states to the 
lower oxidation state, such as, but not limited to, ascorbic acid, tin octonate, reducing sugars 
such as fructose, antioxidants, such as those used as food preservatives, for example 
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flavonoids (quercetin), beta carotene (vitamin A), a-tocopherol (Vitamin E), propyl or octyl 
gallate (triphenoi) BHA or BHT, other food preservatives such as nitrites, propionic acids, 
sorbates, or sulfites. The reduction of cupric salts to cuprous salts is discussed in United States 
Patent No. 2,386,358 where additional suitable reducing agents are disclosed including: SO z , 

5 sulfites, bisulfites, thiosulfates, mercaptans, hydroxylamine, hydrazine, and nitrites. Still other 
reducing agents include substituted hydrazines, hydrazones, amines and substituted amines, 
phenols, enols and non-acid forming viologens. In certain embodiments, the reducing agent, 
may be a transition metal compound in a zero oxidation state. Further, the reducing agent may 
be a combination of reducing agents, such as a combination of the reducing agents listed above. 

10 The surfactant may be any surfactant that provides an emulsion of the 

polymerization medium; does not adversely interact with the ATRP process; and provides 
colloidal stability for the polymer particles. Any surfactant that meets these requirements may 
be used, however, cationic and non-ionic surfactants may be more generally useful. 

Ionic surfactants are usually selected for conventional radical microemulsion 

15 polymerization processes in order to provide better colloidal stability. However, non-ionic 
surfactants may be preferred for certain embodiments of emulsion ATRP processes in aqueous 
dispersed media such as ATRP microemulsion polymerization processes. Brij 98 was used as 
the exemplary non-ionic surfactant in the following examples; although other surfactants 
exemplified in miniemulsion ATRP's will also work. See Table 1 for examples of some useful 

20 surfactants. 



25 



TflhlP 1 ■ Fyample Surfactants 




HLB 


Surf. 


T. 


Time 


Conv. 


M„, th 




M w /Mn 


Latex 


SDS 




2% 


70 


1.4 h 


94% 


26,700 


179,000 


5.22 


+ 


DTAB 




5% 


70 


2.1 h 


84% 


23,900 


28,000 


1.19 




PEG 1000 


20 


10% 


90 


1.0 h 






24,000 


1.21 




PEG 4600 


20 


10% 


90 


1.0 h 






23,000 


1.20 




Tween 20 


16.7 


2% 


70 


2.0 h 


90% 


25,600 


35,230 


1.22 




Brij 98 


15.3 


2% 


70 


1.7 h 


88% 


25,000 


34,000 


1.25 


+ 


Tween 80 


15.0 


2% 


70 


2.0 h 


86% 


24,500 


34,600 


1.23 


+ 


Brij 97 


12.4 


5% 


90 


0.7 h 


85% 


24,200 


26,800 


1.25 
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Tween 



Brij 

C 13 H 35 (OCH 2 CH 2 ) n OH 
n = 10 (Brij 97), 20 (Brij 98) 



HO(CH 2 CH 2 0) w ^__^ 1 A(OCH 2 CH 2 ) x OH h 

C 0 >"CH(OCH 2 CH 2 ) y OH jj 
CHaOCCHzCHzO)^ CH 2 CH 2 OC-R 

w+x+y+z =20, R = lauryl (Tween 20) or oleyl (Tween 80) 



PEG 

H(OCH 2 CH 2 ) n OH 



5 



LIGAND 



The primary functions of the iigand are solubilizing the transition metal salt in the 



organic media arid to adjusting the redox potential and halogenphilicity of the metal center. In 
certain embodiments a transition metal catalyst comprising a suitably hydrophobic Iigand may 
be preferred to conduct a well controlled ATRP in aqueous dispersed media. Gaofenzi Cailiao 

10 Kexue Yu Gongcheng 2005, 21, 117-120, described the use of a water soluble catalyst complex 
comprising bipyridine in an emulsion ATRP process which displays poor control. In contrast, 
Bis(2-pyridylmethyl) octadecylamine (BPMODA) is an exemplary Iigand that is sufficiently 
hydrophobic. A Iigand is sufficiently hydrophobic if the catalyst, or catalyst precursor, remains 
significantly within the organic phase, i.e. the pre-polymeric particles, and provides an active. 

15 catalyst complex that provides sufficient control over the polymerization to provide an 
acceptable polymer for an application. In some instances, the more hydrophobic the Iigand is 
the lower the concentration of catalyst that may be added to the polymerization medium. A 
more hydrophobic Iigand will cause the catalyst in the higher oxidation state to remain 
substantially in the oil phase and therefore provide control over the polymerization and can 

20 allow an ARGET ATRP to be conducted. [Jakubowski, W., K. Min, et al. (2006). "Activators 
Regenerated by Electron Transfer for Atom Transfer Radical Polymerization of Styrene." 
Macromolecules 39(1): 39-45.] 
EMULSION POLYMERIZATIONS 



25 of the radically copolynnerizable monomers that may be polymerized by emulsion ATRP 
processes of the two, MMA is a more active monomer. Table 2 lists the concentration of each 
reagent in the initial series of examples in addition to the molecular weight and molecular weight 
distribution of each polymer prepared. 

Table 2 a Conventional Radical Microemulsion Polymerization Processes and ATRP 



Methyl methacrylate (MMA) and styrene were initially selected as representative 
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Microemulsion Polymerization Processes 

"Run Polymerization Monomer [M] 0 : [l] 0 : [Cat.] 0 : [Surf.]/ DLS " TEM M~„ PDF 

No. Process rV-50] 0 : [Ascorbic [M] c (g/mol) 

D h E D (nm) 

acid] 0 b 

(nm) 

T Conventional MMA 200: 0: 0: 0.5: 0 Z5 42 016 - 61,500 6~1o" 

2. Normal ATRP MMA 200:1:1:0:0 2.5 34 0.17 25±4 bimodal - 

3. Normal ATRP MMA 200:1:1:0:0 2 45 0.15 - bimodal 

4. ReverseATRP MMA 200:0:1:0.5:0 2.5 70 0.20 36+15 41,000 1.61 

5. AG ET ATRP MMA 200:1:1:0:0.5 2.5 43 0.16 31±3 30,000 1.28 

6. AG ET ATRP MMA 200:1:1:0:0.5 1.5 80 0.15 - 31,000 1.25 

7. AG ET ATRP Styrene 200:1:1:0:0.5 2.5 38 6.16 - 17,800 1.33 



a The reaction temperature was 65 °C for MMA, 80 °C for styrene. Polymer content (1 00% conversion) was set as 3%. 
b The ATRP initiator was ethyl 2-bromoisobutyrate (EBiB). The catalyst was CuBr 2 /BPMODA, except for Runs No. 2 
5 and No. 3 (CuBr/BPMODA). 

0 Weight ratio of surfactant to monomer. 

6 DLS measurement provided hydrodynamic diameter, Dh, and size distribution function, a, which represents the 
variability of the particle size. [Antonietti, M.; Basten, R; Lohmann, S. Macromol. Chem. Phys. 1995, 196, 441-466.] 

10 Microemulsion Polyermization 

Conventional Radical Polymerization 

The comparative reaction (Run No.1 in Table 2) is a conventional radical 

polymerization of MMA in a microemulsion system with a water-soluble conventional radical 
initiator 2,2'-azobis(2-amidinopropane)dihydrochloride, ("V-50"). The nucleation process started 

15 five minutes after the injection of the initiator solution, as indicated by the appearance of a bluish 
color and reduced transparency of the system. The bluish color is the result of an increase in 
the size of the dispersed phase due to micelle agglomeration and the higher refractive index of 
the polymer generated. [Guo, j. s.; El-Aaser, M. S.; Vanderhoff, J. W. J. Polym. Sci., Part A: 
Polym. Chem. 1989, 27, 691-710.] The final microlatex appeared as a translucent liquid with 

20 final particle size of -42 nm according to the dynamic light scattering (DLS) measurement 
(Table 2, column 6). The molecular weight distribution of the final polymer was broad, PDI 6.10 
(Figure 2) as expected for a conventional radical polymerization. 
Normal Atom Transfer Radical Polymerization 

A Normal ATRP microemulsion process was attempted in runs number 2 and 3 in 

25 Table 2, the microemulsion was prepared by emulsification of the catalyst complex, monomer 

15 
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and surfactant in the aqueous suspending media through magnetic stirring. The hydrodynamic 
diameter (D h ) of the initial micelles was around 10 nm according to DLS measurements. After 
deoxygenating the microemulsion, an alkyl halide initiator was added to initiate the 
polymerization. After injection of the ATRP initiator, the system turned slightly translucent from 
5 the initial transparent state, evidencing a fast nucleation and initiation of the polymerization. 
The nucleation period was short, and the particle size approached the final value after 30 
minutes. The initial micelles comprised, on average, -3,000 MMA molecules and ~15 Cu 
complexes. For quantitative uniform initiation, -15 ATRP initiators should diffuse into each 
micelle generating polymer chains with a designed molecular weight of M n - 20,000 g/mol. 

10 However, since the catalyst inside the micelles was exclusively in the activator state, Cu(l), the 
polymerization could be initiated within that micelle by atom transfer from any individual entering 
ATRP initiator, leading to a situation where there is a single propagating radical and a single 
Cu(ll) complex in the micelle. If the Cu(ll) species stays in the micelle, it could deactivate the 
growing radical and mediate a , controlled radical polymerization of that single active chain. 

15 Subsequently, if more ATRP initiators enter the micelle and join the polymerization, some 
termination could occur, as in any ATRP, generating excess Gu(ll) species and setting up a fully 
controlled ATRP. However, since the Cu(ll) complex has much higher solubility in water than 
the Cu(l) complex, it may also diffuse out of the micelle. As discussed, at the initial state if only 
one single Cu(ll) species was generated its escape from the micelle should lead to a rapid 

20 conventional redox initiated radical polymerization and consumption of all MMA monomer in this 
micelle (ca. 3,000 monomer molecules); resulting in a polymer with M n ~ 300,000 g/mol. Indeed, 
the polymers produced from normal ATRP in microemulsion displayed two peaks in GPC traces, 
one peak of M n - 25,000 g/mol with polydispersity of 1.3 and the other peak of M n - 300,000 
g/mol with polydispersity of 1 .7 (Figure 2). A substantial portion of the polymer contains terminal 

25 functionality from the ATRP initiator. Such terminal functionality may provide unique 
opportunities for utility of the formed polymer such as chain extension or reaction with a second 
material. The polymer formed by such an embodiment comprises a polydispersity which is 
advantageous in certain injection molding applications. Furthermore, as is desirable after 
nucleation, all the polymerization occurred inside the micelles/polymeric particles, which 
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resulted in a narrow distribution of particle size from this example of a "normal ATRP" 
microemulsion process. According to DLS analysis the size of the final latex was -34 nm. As 
measured from TEM images (Figure 3A), the particle size was slightly smaller (Table 2) because 
the vacuum applied in TEM analysis results in particle shrinkage due to removal of any attached 

5 water molecules. 

Reverse Atom Transfer Radical Polymerization 

In Reverse ATRP, the catalyst is added in the higher of the two accessible 
oxidation states and, therefore, may not be as susceptible to oxidation in the polymerization 
media. After addition and gradual decomposition of the water soluble conventional radical 

10 initiator, such as for example V-50, the catalyst is reduced to its lower oxidation state by reaction 
of the initiating/propagating radicals generated by decomposition of the conventional radical 
initiator and catalyst in its higher oxidation state. Typically, transition metal catalysts in the lower 
oxidation state complexes are more hydrophobic than the transition metal catalysts in the higher 
oxidation state complexes and therefore they preferentially migrate too and remain inside the 

15 micro-latex. The polymerization rate of a typical Reverse ATRP is slow until the ratio of 
[Cu(l)]/[Cu(ll)] has increased to a sufficient value. The slower initiation assures presence of 
deactivators in the system and therefore control over the polymerization process. In the reverse 
ATRP, the nucleation period was longer than in a normal ATRP, because of the relatively slow 
decomposition of the conventional radical initiator V-50. (At 65 °C, the half lifetime of V-50 is 

20 around 2 hours.) This slow decomposition resulted in a larger particle size (D h = 72 nm) and a 
broader particle size distribution (as seen in Figure 3B) but also led to slow, incomplete initiation. 
Consequentially the molecular weight of the polymers produced from this embodiment of 
Reverse ATRP microemulsion polymerization process was higher than theoretical values, 
potentially a consequence of incomplete utilization of the added ATRP initiator. Initiation 

25 efficiency for V-50 was only around 55%. No bimodality in GPC traces was observed in 
polymers prepared by Reverse ATRP in microemulsion but the molecular weight distribution was 
broader than in similarly run bulk ATRP; Table 2 shows a PDI 1.61, see also Figure 2. The use 
of an initiator with a shorter half-life at the desired reaction temperature may result in lower 
polydispersities and may be preferred in certain embodiments of a Reverse ATRP 

17 



WO 2007/025086 



PCT/US2006/033152 



microemulsion processes. In certain embodiments of a Reverse ATRP microemulsion process, 
the use of a suitable hydrophobic ligand may retain the complexed catalyst within the micelles 
and provide an active catalyst complex. 

Activators Generated by Electron Transfer Atom Transfer Radical Polymerization Process 

5 AGET ATRP microemulsion polymerization processes were performed in which a 

reducing agent is added to the polymerization media comprising water, surfactant, and an oil 
comprising ATRP initiators, transition metal catalysts in the higher of two oxidation states and 
optionally an organic solvent. Because no active catalyst are present in the emulsion initially, 
the emulsification process is easily performed. Any hydrophobic or hydrophilic reducing agent 

10 may be used. Ascorbic acid was selected as an exemplary reducing agent; ascorbic acid is 
water soluble. Other water soluble reducing agents listed above and in the cited "AGET ATRP" 
and "ARGET ATRP" applications in addition to compounds listed as being suitable agents for 
reduction of Cu(ll) in numerous inorganic chemistry reviews would also be suitable reducing 
agents. [Cramer, W. Proc. Chem. Soc. 1914, 30, 293; Reiner, M.; Preiss, J. Baskerville 

15 Chemical Journal 1953, 4, 15-17; Singh, M. P.; Ghosh, S. Zeitschhft fuer Physikalische Chemie 
(Leipzig) 1957, 207, 198-204; Parris, M.; Williams, R. J. P. Discussions of the Faraday Society 
1960, 240-247; Weiss, J. F.; Toliin, G.; Yoke, J. T., Ill Inorg. Chem. 1964, 3, 1344-1348; 
Desmarquest, J. P.; Bloch, O. Electrochim. Acta 1968, 13, 1109-1113.] Since ascorbic acid 
may be completely dissolved in the aqueous phase and react with transition metal catalysts in 

20 the higher oxidation state either at the surface of the monomer swollen micelles or in the 
aqueous phase, the activation process is efficient. In AGET ATRP, the initiators are already 
present in the organic phase and a fast redox reaction between the reducing agent and catalyst 
in the higher oxidation state is envisioned instead of the slow activation resulting from 
decomposition of conventional radical initiators as in a reverse ATRP. Furthermore as the 

25 polymerization is initiated the deactivation is also efficient because the catalyst is initially 
present in the deactivating higher oxidation state, Cu(ll) for example. Further, any catalyst in 
the higher oxidation state in the aqueous phase is driven back into the micelles after reduction 
to the lower oxidation state. This provides efficient well controlled initiation and propagation and 
consequently results in a high degree of control over all aspects of the microemulsion 
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polymerization. The size distribution of the polymer particles was very narrow (Figure 3C) and 
was influenced by the ratio of the surfactant to the monomer as in prior art uncontrolled radical 
polymerizations. Progressively decreasing the surfactant concentration to levels below 10 
mole% relative to monomer, (Table 2), still resulted in the formation of a stable microlatex, but 
5 with progressively larger particle size. 

In order to exemplify the broad applicability of the microemulsion ATRP process 
another radically copolymerizable monomer, styrene, was successfully polymerized by ATRP in 
microemulsion (Run no. 7, Table 2). As expected the polymerization rate for styrene was slower 
than MMA using the same catalyst system. Nevertheless, a controlled polymerization was 

10 attained with the final molecular weight M n = 17,800 g/mol and PDI = 1.33. The final product was 
a stable translucent microlatex with the D h = -38 nm. 

Despite differences among the initiation techniques, ATRP in microemulsion 
resulted in the formation of translucent stable microlatexes with particle size around 40 nm. The 
small particle size indicates a relatively large surface area, which suggests that after the 

15 polymerization has been terminated by exposure to air, the resulting transition metal complexes 
can be easily removed by surface exchange treatments. A Dowex MSC-1 ion-exchange resin 
was used for an exemplary transition metal removal treatment. The ion exchange resin was 
stirred together with the microlatex from the ATRP polymerization for 2 hours. It was observed 
that the blue color present in the ATRP microemulsion polymerization, resulting from the 

20 presence of Cu(ll), almost completely disappeared. The microlatex showed a similar stability 
and appearance to that of a conventional microemulsion polymerization (Figure 4). In one 
embodiment, a hydrophilic ligand may be added to increase the rate of exchange to the stable 
emulsion prior to exposing the system to an ion exchange resin. The addition of a second more 
water soluble ligand increases the concentration of the Cu(ll) in the aqueous phase and 

25 increases the efficiency of catalyst removal. 

Ab Initio Atom Transfer Radical Polymerization Emulsion Polymerization 

Further embodiments of the present invention, are directed to well controlled 
"emulsion" ATRP, for example, an ab initio emulsion ATRP process comprising polymerizing 
radically polymerizable monomers in an oil phase comprising the radically polymerizable 
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monomers and a catalyst, wherein the oil phase is in an aqueous phase comprising water and 
low levels of surfactant resulting in production of materials with well controlled molecular 
parameters. Low levels of surfactant means that the final molar ratio of surfactant to monomer 
is less than 15%. The present invention is also directed to an emulsion ATRP process 
5 comprising forming micelles in an aqueous media, wherein the micelles comprise a catalyst 
precursor, an ATRP initiator, and, optionally, first radically polymerizable monomers, solvent or a 
combination of first radically polymerizable monomers and solvent; adding second radically 
polymerizable monomers to the aqueous medium; and forming an emulsion. The emulsion may 
be formed by any methods known in the art, such as heating or agitating to disperse the 

10 monomer(s) in the suspension medium. The emulsion comprises two particles or oil phases, 
the first particles are stable micelles comprising the catalyst precursor, an ATRP initiator or, if the 
polymerization has been- initiated, a catalyst complex and active polymerizing macroinitiator and, 
optionally, first radically polymerizable monomers and/or solvent and the second particles 
comprising the second monomer. 

15 In one embodiment, forming the micelles may be accomplished by adding a 

catalyst precursor, first radically polymerizable monomers, an ATRP initiator to an aqueous 
media, wherein the aqueous media comprises water and a dissolved surfactant. Stable micelles 
may be formed by known emulsion procedures. 

Adding second radically polymerizable monomers to the aqueous medium can 

20 additionally be used, for example, to form a gradient copolymer or other polymer topology. The 
second radically polymerizable monomer may be added sequentially, periodically, or 
continuously to the system during or before initiation of the polymerization of the first monomers. 
For example, to form block copolymers, the second (co)monomer(s) may be added after 80% or 
more of the first comonomer has polymerized. The first radically polymerizable monomer may 

25 be the same or different than the second radically polymerizable monomer. The process may 
further comprise adding a third radically polymerizable monomer or as many monomers are 
required to achieve the desired polymer. 

In an alternate embodiment, the ATRP microemulsion polymerization process 
may comprise adding second monomers to an aqueous media and, subsequently, adding a 
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catalyst precursor, adding an ATRP initiator, and, optionally, adding a first radically 
polymerizable monomer, solvent, or combination of first radically polymerizable monomers and 
a solvent to the aqueous media. 

An embodiment of the ah inito emulsion ATRP process is shown in Figure 1B. 
5 Such embodiment of the ah inito emulsion ATRP process, comprises forming micelles in an 
aqueous media, wherein the micelles comprise a catalyst precursor, an ATRP initiator, and first 
radically polymerizable monomers, solvents, or a combination thereof; adding a reducing agent 
to the aqueous media to activate the catalyst precursor and initiate polymerization of the first 
monomers; and adding second radically polymerizable monomers to the aqueous media and 
10 forming a stable emulsion by known procedures, such as heating or agitating to disperse the 
monomers in the aqueous media. The second radically polymerizable monomers may diffuse 
through the aqueous media to the micelles wherein the second radically polymerizable 
monomers are incorporated into the polymer chain. 
Gradient Copolymers 

15 A forced gradient emulsion ATRP processes, comprises forming an emulsion with 

a first radically polymerizable monomer within the micelles with the catalyst and initiator and 
adding a second different radically polymerizable monomer after initiating the polymerization. 
Not wishing to be limited by mechanism, it is believed the second monomer forms separate 
monomer droplets and diffuses though the suspension medium to the micelles where the 

20 polymerization process is occurring thus the second monomer is incorporated into the growing 
polymer chain. Example 1 describes an emulsion ATRP process comprising forming an 
emulsion with n-butyl acrylate ("nBA") in the micelles and continuously adding t-butyl acrylate 
("tBA") over a period of time period to the aqueous phase of the polymerization. The results of 
Experiment KM 440 disclose the distribution of the two monomers along the backbone of the 

25 gradient copolymer. The gradient copolymer has a fairly sharp gradient shape (see Figure 5). 
As the total conversion increased to 60%, the instantaneous composition of nBA monomer in 
polymer decreased from 100% to 0%. This means nBA reacted fast at the beginning of the 
reaction, i.e., the concentration of tBA was not yet high enough within the active dispersed 
microemulsion micelle for the comonomer to be significantly incorporated into the polymer chain 
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but as the concentration of tBA increased, the tBA diffused to the active micelles and began to 
become incorporated into the growing polymer chain. The addition rate of the second radically 
polymerizable monomer may be regulated in order to produce a gradient copolymer comprising 
a different shape of gradient along the copolymer backbone, (see Experiments KM 470 and 498 
5 and Figure 5C). The molecular weight of gradient polymer followed the theoretical values very 
well, (see Figure 5B) evidence that there was a relatively constant number of "active" chains 
during the polymerization. Example 1 shows that the second monomer could diffuse to the 
active micelle and become incorporated into the growing chain. 

The concept of a gradient copolymer formed by addition of one monomer to an 

10 active ongoing living radical copolymerization can be expanded to include preparation of tailored 
statistical copolymers. In such an embodiment, the instantaneous monomer concentrations 
within the micelles are maintained at a substantially constant molar ratio of the first monomer 
and the second monomer to compensate for differences in reactivity ratio. This allows the 
different monomers to be incorporated into the polymer chain at substantially the same rate. 

15 Embodiments of true ab-initio emulsion ATRP, see below in Table 3, particularly 

in the Examples with styrene as the monomer, the polymerizations were well controlled. All the 
polymerizations followed first order kinetics despite the low concentration of surfactants, (see 
Figure 6) However, as the amount of surfactant was decreased from a ratio of [Surfactant];[M]. 
equal to 0.44 through 0.22 down to 0.057, the molecular weight gradually deviated from the 

20 theoretical values, indicating decreased initiation efficiency. The reason for this increasing 
deviation from complete control was considered to be that the selected low molecular weight 
polar initiator, 2-ethyl bromoisobutyrate, could diffuse out of the micelle during the formation of 
the emulsion as the amount of surfactant was decreased. The result would be that if the initiator 
in the aqueous phase had a chance to initiate polymerization of water soluble monomers those 

25 chains would be quenched quickly by water and the active chain end functionality would be lost, 
since only the live chains remaining inside the polymeric particles retain the transferable 
functionality and can continue to participate in the controlled polymerization. Therefore, loss of 
initiator into the suspension medium results in higher than targeted MW. As the polymer chains 
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grow longer, they are less likely to diffuse out of the micelles, which contributed to the controlled 
molecular weight and narrow molecular weight distribution. 
Table 3. ab-initio emulsion ATRP 



Run 


Monomer 


T 


[M1]:[M2]:[EBiB]:[Cu]:[L]:[RA] 


[Surf]/[M] 


%Solids 


KM457 


MMA 


70 


50: 200: 1:0.4: 0.4: 0.28 


0.42 


19% 


KM460/461 


BA 


80 


50: 200: 1:0.4: 0.4:0.4/0.8: 0.16 


0.38 


19% 


KM462 


Styrene 


80 


50: 200: 1:0.4:0.8: 0.16 


0.44 


18% 


KM466 


50:200: 1:0.4:0.8: 0.16 


0.22 


16% 


KM468 


15: 200:1:0.3:045:0.12 


0.057 


22% 



5 The fact that a true emulsion polymerization had occurred was initially confirmed 

by the final particle size of the stable emulsion. The particles in Experiment KM 462 were -120 
nm; in Experiment KM 466 they were -190 nm and in Experiment KM 468 they were 300 nm i.e. 
the size of the micelles increased as monomer diffused into the micelles and was controllably 
polymerized. Solid content was 14% in Experiment KM 462 and KM 466 and 20% in run 468 
10 and surfactant concentration was economically low thereby providing a commercially attractive 
process. 

Hydrophobic Initiators 

In certain embodiments of any of the ATRP processes in aqueous media, the 
ATRP initiator may be hydrophobic. Certain experiments of ATRP processes in aqueous media 

15 with butyl acrylate and methyl methacrylate were less controlled. The reduction in control may 
be attributable to the large k p of BA and low kd eac tivation of MMA in emulsion polymerization or may 
possibly be attributed to the diffusion of the ATRP initiators from the micelles. Since acrylate 
and methacrylate based polymers retain the end functionality in water, the ATRP initiators in the 
aqueous phase may initiate new polymer chains. The polymer chains formed in the aqueous 

20 phase may, however, exhibit poor control because of the inefficiency of the catalyst in the 
aqueous phase. Therefore, the molecular weight distributions were broadened. Hydrophobic 
initiators, such as short ATRP initiators comprising a hydrophobic segment, such as an alkyl, 
aryl chain, a polystyrene segment or an octadecyl-substituent on the "standard" initiator may be 
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used to control diffusion of the initiator. Poor control over an ATRP process may also, be 
addressed, by changing the catalyst to one that provides the ATRP redox equilibrium for the 
desired monomers. 

The formation of a hydrophobic "macroinitiator" may also be addressed by 
5 initiating an microemulsion polymerization prior to adding the second monomer(s), see Figure 
1B. 

An ab-initio emulsion ATRP was thereby successfully constructed for controlled 
ATRP of styrene, acrylates and methacrylates. 

In this initial set of exemplary experiments the degree of polymerization (DP) for 

10 the microemulsion polymerization step was set at 100, while the DP when the second 
polymerization monomer (BA) that was targeted for incorporation into the polymer in the ab- 
initio emulsion was 200. After the addition of the second monomer, the concentration of radicals 
was constant, as evidenced by a linear first order kinetic plot, Figure 7 A. The degree of control 
over this ab-initio emulsion ATRP was confirmed by continuous increase in molecular weight 

15 with conversion and the narrow molecular weight distribution of the polymers obtained, Figure 
7B. The experimental molecular weights were in good agreement with the predicted values 
(Figure 7B), indicating high initiation efficiency (over 90%). The initiation efficiency was 
comparable to that from a microemulsion ATRP, which qualitatively proves that no new chains 
were generated after the addition of the second batch of monomer. High monomer conversion, 

20 87%, was obtained after 5 hours. The final latex was stable with particle size -90 nm. 

The initial embodiments of ab-initio emulsion ATRP processes used a relatively 
high surfactant concentration (-75 % of the monomer added to the microemulsion). The 
surfactant remains in the latex and may affect the cost and properties of the polymer product. 
Presently, commercial latex products prepared by other emulsion polymerization processes, 

25 surfactant concentrations are normally in the range of 1-6% by weight of surfactant to monomer. 
The surfactant concentration may be higher if a non-ionic surfactant is used. The surfactant 
concentration to use in the initial experiments was primarily determined by the amount of first 
monomer, i.e. the microemulsion ATRP process step. A stable microemulsion will not be formed 
until the ratio of monomer and surfactant reaches a critical value. A certain amount surfactant 

24 
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can only solubilize a limited amount of a specific monomer. In order to reduce the final 
surfactant concentration, the amount of monomer in the first step, i.e. the microemulsion ATRP 
process step, may be decreased to such an amount that all of the added monomer may be fully 
solubilized by the reduced amount of surfactant. According to our experiments, 1 g of Brij 98 
5 surfactant (in 20 ml_ aqueous solution) can successfully solubilize 0.5 g butyl acrylate. However, 
reducing the amount of monomer introduces another problem: solid catalysts only have certain 
degree of solubility in the monomer, therefore, the desired amount of catalyst may not be able to 
dissolve in a reduced amount monomer. For instance, if the amount of monomer in the 
microemulsion ATRP is decreased by 50% (targeting a DP = 50), then the weight of catalysts 

10 employed in these first exarnplary experiments cannot completely dissolve in such a small 
amount of monomer. 

In some embodiments, highly efficient ATRP catalysts may be used to 
significantly decrease the concentration of the catalysts in the micelle. Various embodiments of 
miniemulsion ATRP processes comprising, catalyst concentrations of only one fifth of the molar 

15 amount of initiator. In embodiments of the present invention, the amount of catalyst may be 
reduced to 15 % of the molar ratio of initiator. Consequently, in such embodiments the catalyst 
may be dissolved completely in the amount of monomer required to target a DP of 15. In such 
an embodiment, an optically clear stable microemulsion was formed with a reduced amount of 
surfactant. Additional monomer, sufficient for a final DP of 210, was added to the reaction after 

20 the microemulsion polymerization was initiated by addition of a reducing agent. A linear first 
order kinetic plot was attained, indicating a controlled polymerization. Monomer conversion 
reached ~80 % after 6 hours and the molecular weights were close to the predicted values. High 
initiation efficiency, -90%, was obtained. Consequently, by reducing the amount of catalysts 
and the amount of monomer added to the initial microemulsion ATRP process, the surfactant 

25 . concentration was dramatically decreased to only 12 % of the monomer added in the final ab- 
initio emulsion. At the same time, the solid content of the emulsion was increased to 20 %. This 
reduction in the concentration of catalyst and surfactant are significant steps forward towards 
making the ab-initio emulsion ATRP practical for many applications. In other embodiments, the 
surfactant may be within 12% of monomers. 
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The surfactant concentration can further be decreased, simply by increasing the 
targeted DP of the second batch of monomer(s), for example. The DPs for the two stages of the 
ab-initio emulsion polymerization were set as 15 and 285, respectively. In this way the 
surfactant concentration was further reduced to 9.5% of the weight of monomer and the solid 
5 content was increased to 26%. The obtained polymeric latex was stable with the latex particle 
size of 120 nm and narrow size distributions. Further increases in the final DP can be made 
with the only cost for lower concentration of surfactant being a lower rate of polymerization since 
a lower concentration is present. 

We have therefore demonstrated that a fully controlled ATRP can be successfully 

10 conducted in an ab-initio emulsion system while employing a commercially acceptable 
surfactant concentration. 

In order to verify that a microemulsion ATRP process is a living polymerization, 
an embodiment of the ab-initio emulsion ATRP polymerization comprising adding a different 
monomer, for example styrene (St) to an active butyl acrylate (BA) emulsion ATRP process was 

15 conducted. The polyBA formed in the first emulsion polymerization was a macroinitiator for the 
polymerization of remaining BA and the added St. Therefore, the final polymer was a block 
copolymer containing a p(BA) homopolymer A block and second B block consisting of a (BA-g- 
St) gradient copolymer. The results showed that polymerization was controlled before and after 
styrene addition, as evidenced by two linear first order kinetic plots (Figures 8A and 8B). 

20 However, the slopes of the two kinetic plots are different, which is attributed to dilution of the 
radical concentration after the addition of St. The GPC curves of polymer samples (Figure 8C) 
obtained from the continuous emulsion block copolymerization symmetrically moved toward 
higher molecular weight, indicating that no new polymer chains were formed after the addition of 
St monomer and that all poly(butyi acrylate) macroinitiators were successfully chain extended. 

25 The polymer composition was analyzed by 1 HNMR and suggests that a smooth gradient 
copolymer was formed in the second block. The polymer composition of the second block is 
shown in Figure 9, indicating a BA-rich polymer head and a St-rich polymer tail, which 
corresponds with the differences in monomer concentration and the difference in reactivity ratio 
between these two monomers. _ 
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Further, embodiments of the processes of present invention may be used to 
prepare novel block copolymers. Embodiments of the block copolymers may include a block 
copolymer for use in a paint or coating comprising a first block of monomer that preferentially 
attaches to the surface to be coated and a second block that comprises monomers with the 

5 desired physical or chemical properties. For example, the first block may include monomers 
that may attach to plastics, metals, papers, ceramics, or another coating, while the second block 
has the desired chemical corrosion resistance, hardness, durability, or nonstick surface. 

Therefore ATRP has been successfully applied to an ab-initio emulsion 
polymerization using a continuous "two-step" procedure, in which the ab-initio emulsion is 

10 formed by adding monomer to an ongoing or completed microemulsion ATRP. This procedure 
avoids the need to transport catalysts through the aqueous media during the polymerization and 
therefore facilitates a controlled ATRP polymerization in the active micelles. The surfactant 
concentration was efficiently decreased by changing the ratio of the monomer added to the 
microemulsion stage compared to the amount of monomer added afterwards to form the ab- 

15 initio emulsion. 

The extensive discussions of the procedures that led to the development of this 
ab-initio emulsion ATRP disclosed herein are meant to edify the process variables that had to be 
considered in order to develop a true efficient ab-initio ATRP emulsion system and therefore the 
few examples of the successful exemplification of this novel concept discussed below are not 

20 meant to limit the application of the disclosed process to the exemplifying monomers with 
exemplifying catalyst complexes under the exemplifying conditions. When the factors are 
considered by one skilled in the art the disclosed process can be applied to a full range of 
radically copolymerizable monomers employing mono- di and multifunctional ATRP initiators for 
synthesis of stable emulsion systems comprising materials of controlled topology, functionality 

25 and composition. 
EXAMPLES 

Materials: Monomers were purified by passing through a column filled with 
basic aluminum oxide (Sorbent technologies) to remove inhibitor, or antioxidant, in order to 
provide consistent reaction kinetics in the presence of oxygen. The purified monomers were 
27 
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stored at -5°C. Bis(2-pyridylmethyl) octadecylamine (BPMODA) was synthesized according to 
the procedures previously published. CuBr (98%, Aldrich) was purified by sequentially washing 
with acetic acid and isopropanol and drying under vacuum. CuBr 2 (99.999%, Aldrich), ethyl 2- 
bromoisobutyrate (EBiB, 98%, Aldrich), Brij 98 (polyoxyethylene(20) oleyl ether, Aldrich), 2,2'- 
5 azobis(2-amidinopropane) dihydrochloride (V-50, Wako Chemicals), L(+)-ascorbic acid (Aldrich) 
and Dowex MSC-1 macroporous ion-exchange resin (20-50 mesh, Aldrich) were used without 
further purification. 

Measurements: Monomer conversion was gravimetrically measured. Molecular 
weight was measured by Gel Permeation Chromatography (GPC) equipped with an 

10 autosampler (Waters, 717 plus), HPLC pump at 1 mL/min (Waters, 515), and four columns 
(guard, 10 5 A, 10 3 A and 10 2 A; Polymer Standards Services) in series. Toluene was used as 
an internal standard. A calibration curve based on linear poly(methyl methacrylate) or 
polystyrene standards was used in conjunction with a differential refractometer (Waters, 2410). 
The latex size and size distribution were measured by dynamic light scattering on High 

15 Performance Particle Sizer, Model HP5001 from Malvern Instruments, Ltd. Transmission 
Electron Microscopy (TEM) analysis was performed on Hitachi H-7100 Transmission Electron 
Microscope. Considering the small latex size, phosphotungstic acid (PTA) negative staining 
was used. About 100 individual particle diameters were measured from TEM images to obtain a 
representative particle size and size distribution. 

20 EXAMPLE 1: Ab-initio emulsion ATRP. (Results reported in Table 2) 

Conventional Microemulsion Polymerization: MMA was added to an aqueous 
solution of Brij 98 in a Schlenk flask under stirring to form the microemulsion. After the 
microemulsion was bubbled with nitrogen for 30 minutes, the flask and its contents were heated 
to 65 °C before an aqueous solution of V-50 was added to initiate polymerization. 

25 Normal ATRP in Microemulsion: CuBr and BPMODA were charged into 

Schlenk flask and flushed with nitrogen. Deoxygenated monomer MMA was injected into the 
flask and stirred at 60 °C with the catalyst precursors until the Cu(ll) complex was formed. 
Deoxygenated aqueous solution of Brij 98 was added into the flask and the contents stirred until 
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a transparent microemulsion was formed. The flask was heated to 65 °C and the polymerization 

initiated by the injection of deoxygenated EBiB. 

Reverse ATRP in Microemulsion: Before conducting a microemulsion 

polymerization, the Cu(ll) complex was prepared by dissolving CuBr 2 and BPMODA in MMA at 
5 60 °C. The resulting solution was slowly injected into an aqueous solution of Brij 98 at room 

temperature to form a microemulsion before the mixture was purged with argon for 30 minutes. 

The flask was then immersed in an oil bath thermostated to 65 °C. An aqueous solution of V-50 

was injected into the flask to initiate the polymerization. The final sample was dried in vacuum 

oven, dissolved in THF for molecular weight measurement. 
10 AGET ATRP in Microemulsion: The Cu(ll) complex was prepared using the 

same procedure as above. The EBiB initiator was then dissolved in this complex. The resulting 

solution was slowly injected into the aqueous solution of Brij 98 to form a microemulsion before 

the mixture was purged with argon for 30 minutes. The flask was then immersed in an oil bath 

thermostated at designed temperature (65 °C for MMA, 80 °C for styrene). An aqueous solution 
15 of ascorbic acid was injected into the reaction to reduce the catalyst complex to Cu(l) and 

thereafter allow the activated catalyst initiate the polymerization. The final sample was dried in 

vacuum oven; dissolved in THF for molecular weight measurement. 

Forced Gradient Copolymers by ATRP in a Miniemulsion: In order to 

demonstrate that monomers can be transported across the aqueous suspending phase a forced 
20 gradient miniemulsion copolymerization was conducted. AGET is advantageous in preparation 

of forced gradient copolymers in aqueous dispersed media, e.g. miniemulsion, since the 

dispersion/suspension can be formed with the catalyst complex in the deactivator (Cu(ll)) state. 

Table 4: Run Conditions: 
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[M1] 0 :[M2]totai:[EBiB]o:[Cu(ll)] 0 :[Ascorbic acid] 


M1 


tBA Feed rate 


KM 440 


100:100:1:0.4: 0.18 


nBA 


0.01mL/min after 30min 


KM 470 


100:100:1:0.4: 0.18 


nBA 


0.01mL/min 


KM 498 


100:100:1:0.4: 0.18 


nBA 


0.015mL/min (60min) 
0.01mL/min(60min) 
0.005mL/min (120min) 


KM 499 


100:100:1:0.4: 0.18 


tBA 


0.01mL/min 



In order to obtain a gradient copolymer, the proper choice of monomer is one 



obvious key issue, however, the feed rate also affects the gradient shapes. In run KM440, tBA 
was fed into the system after 30 minutes in order to allow sufficient time to overcome the 
5 induction period and allow the reaction to initiate. It was assumed that there was an induction 
period for the polymerization of nBA. However, as the black curve (Figure 5) indicated, nBA 
was quickly incorporated into the growing polymer chains. From the conversion data, at 30 
minutes the conversion of nBA was already 18%. This means tBA had no chance to be 
incorporated into the polymer immediately after initiation. The instantaneous curve also 

10 indicates that this gradient copolymer was very similar to a block copolymer; before total 
conversion approached 50%, polymer chains primarily consisted of nBA monomer segments, 
which resulted in a relatively sharp change when nBA was consumed. Therefore, in run KM 470, 
the monomer tBA was added to the system at the time of initiation of polymerization (red curves). 
It can be clearly seen that tBA monomer began to diffuse into the monomer droplets and was 

15 efficiently incorporated into the ongoing polymerization. However, from the instantaneous 
composition vs. conversion figure, one can tell that the concentration of tBA was not particularly 
high at the beginning because the instantaneous composition of tBA in the growing polymer 
chain increased very slowly as the polymerization progressed. However, if the feed rate is too 
fast, under the same temperature, the system may behave as a random copolymerization. 

20 Therefore, a gradient in addition rates was selected for run KM498; tBA was fed into the 

miniemulsion system at a rate of 0.015 mL/min for the initial 60 minutes which was reduced to 

0.01 mL/min for the following 60 minutes and finally a rate of 0.005 mL/min for the following 120 
30 
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minutes. The figure suggested that the composition of the final copolymer showed a smooth 
gradient in instantaneous composition along the copolymer backbone. Together these 
examples of different shaped gradient copolymers show that monomers can diffuse across the 
aqueous phase and further the rate of addition of monomer(s) can be adjusted to control the 
5 rate of incorporation of monomer(s) into the growing polymer chain. 

In run KM 499 tBA was added to the miniemulsion and nBAwas used as the fed 
monomer. It was noticed that nBA diffused into the monomer droplets and participated into 
polymerization more efficiently than tBA. The feed rate in this reaction was set constantly at 
0.01 mL/min. It was found that a graph of the polymer composition along the polymer chain 
10 showed a smooth shape. This would indicate that different monomers can diffuse at different 
rates and with appropriate comonomers a gradient could be constructed based solely on 
differences in diffusion rates from comonomer droplets. 

EXAMPLE II. Ab-initio Emulsion Polymerization ofStyrene. 
Anchoring the Initiator: ATRP in microemulsion and miniemulsion resulted in success. 

15 To ensure that the catalyst substantially remains in the micelles an embodiment 

of the ab-initio emulsion ATRP process comprises using a highly hydrophobic ligand (BPMODA, 
dNbpy, tNtpy). However, the potential for dissociation of the catalysts still exists and increases 
as the reaction temperature increases for any catalyst. For instance, the color of a 
miniemulsion before polymerization is activated, i.e. when only Cu(ll) complexes reside inside 

20 the micelles changed from bluish from green when the miniemulsion was stirred at 80 °C for 5- 
10 minutes as a result of the copper (II) complex diffusing out of the micelles and undergoing 
disproportionation. Therefore, in certain embodiments the reducing agent, may be added to the 
reaction shortly after the (micro)emulsion is heated in order to reduce the deactivator complex 
within the micelles before they migrate to the aqueous phase and dissociate. 

25 For styrene-related monomers, oligomer diffusion out of polymeric particle may 

result in a decreased initiation efficiency because the end functionality of the oligomer may be 
hydrolyzed. While in the case of (meth)acrylate(s), diffusion of the oligomer may result in 
uncontrolled polymerization because the polymerization in water would not be regulated by the 
ATRP catalyst. 
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One method to prevent oligomer/initiator diffusion is to use a macroinitiator, 
potentially a surfactant. The use of a simple PEO macroinitiator did not show good results, 
mostly because of the high solubility of PEO in aqueous phase, especially at high temperatures. 
A stable miniemulsion may be formed at room temperature but colloidal may be lost at 80 °C. In 
5 order to overcome this limitation a PEO-based macroinitiator was designed to increase the 
hydrophobicity of the initiator. PEO-Br was used as an ATRP initiator to synthesize a PEO- 
ODMA block copolymer with an extremely short (1-2) ODMA segment. A similar approach was 
also taken to increase the hydrophobicity of ethylbromoisobutyrate which seemed to be small 
enough to diffuse out of the droplets, a similar but larger initiator, octyl bromoisobutyrate was 
10 designed. 



Br Br 



H 3 C-(-H2c} — OH 




O O 



, 1 H NMR analysis showed that the product was pure. This initiator was used for 
the ATRP of BA in an ab-initio emulsion. (Run KM 531) The initiator was easily emulsified with 
BA monomer, and the final emulsion was very stable with the micelle size 100-200 nm. The 

15 final molecular weight distribution of such a process was around 1.5. The molecular weight 
increased to a high value at low monomer conversion with a high PDI. This result indicates that 
the initiator/oligomer still may have diffused out of the polymeric particles. It seems that the 
hydrophobicity of this OBiB is not sufficient to prevent diffusion. 

A conventional emulsion polymerization starts with a combination of micelles and 

20 relatively large monomer droplets. The polymerization loci are usually considered to be inside 
the micelles (or polymeric particles). To mimic this situation and create an appropriate 
environment for ATRP, an embodiment of the ab-initio polymerization includes a two-stage 
emulsion polymerization, in which a microemulsion is formed followed by addition of the second 
monomer to the microemulsion system. In the initial examples, the microemulsion was formed 

25 and the reducing agent was added immediately before addition of the second part of the 
monomer(s). Therefore the newly formed oligomer may have diffused out of the microemulsion 
droplet and initiated uncontrolled polymerization in aqueous phase (because of lack of catalyst). 
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In an embodiment of the microemulsion ATRP process the polymerization is initiated and the 
polymerization is allowed to progress for a certain period before addition of the second 
monomer. Then the in-situ formed macroinitiator should stay inside the micelles (or polymeric 
particles), and the second part of monomer can diffuse in the particles to incorporate the 
5 polymerization. 

Ab-initio Emulsion Polymerization of Styrene: The Cu(ll) complex was 
prepared by dissolving CuBr 2 and BPMODA in styrene (50 molar equivalents compared to 
initiator) at 60 °C. The resulting solution was slowly injected into the aqueous solution of Brij 98 
at room temperature to form a microemulsion. An additional aliquot of styrene (200 molar 
10 equivalents compared to the initiator) was added before the mixture was purged with argon for 
30 minutes. An aqueous solution of ascorbic acid was injected into the reaction to initiate the 
polymerization. The final sample was dried in vacuum oven, dissolved in THF for molecular 
weight measurement. 



Table 5. Run Conditions 



Run 


Monomer 


T 


[M1]:[M2]:[EBiB]:[Cu]:[L]:[RA] 


[Surf]/[M] 


%Solids 


KM 462 






50:200:1:0.4:0.8:0.16 


0.44 


18% 


KM 466 


Styrene 


80 


50:200: 1:0.4:0.8: 0.16 


0.22 


16% 


KM 468 






15: 200:1:0.3:0.45: 0.12 


0.057 


22% 



15 The results reported in Table 3, and excerpted above, indicate that by adjusting 

the amount of monomer first added to the microemulsion one can reduce the amount of 
surfactant present in the final product. 

EXAMPLE III: Extension of ab-initio Emulsion ATRP to Other Monomers 
Methyl Methacrylate: MMA has large solubility in water which makes it easy to 

20 form a microemulsion. The polymerization was activated prior to the addition of a second lot of 
monomer. The ratio of the two parts of monomer addition was set as 1 : 2. In the following trials 
the second part of MMA was added 30 minutes after the addition of ascorbic acid. Based on 
prior experience the microemulsion polymerization should have been finished after 30 minutes 
so that the macroinitiator cannot diffuse out of the small polymeric particles when the second 

25 portion of monomer was added. 



WO 2007/025086 



PCT/US2006/033152 



Run KM 536 MMA(1): Surf =1:2, Add MMA(2) after 30 min. Reaction temp. 70 °C 
EBiB: CuBr 2 /BPMODA: ascorbic acid: MMA(1): MMA(2) = 1: 0.5/0.6: 0.2: 50: 200 
Run KM 545 MMA(1 ): Surf =1 :2, Add MMA(2) after 30 min. Reaction temp. 70 °C 
EBiB: CuBr 2 /BPMODA: ascorbic acid: MMA(1): MMA(2) = 1:1/1 .5: 0.4: 200: 400 
5 The final emulsion showed very good stability after each of the above runs, with 

the final particle size of ~160 nm. It was observed that the second monomer was added to the 
ongoing microemulsion polymerization while little monomer remained in the micelles. By the 
time the microemulsion polymerization had finished it was likely* that a significant amount of 
polymer chains had lost their terminal functionality and most of the Cu(ll) species resided inside 
10 the aqueous phase. The loss of chain end functionality was inferred from the long tailing in the 
GPC traces and the lack of deactivators resulted in an uncontrolled polymerization as the 
reaction progressed. Embodiments of the Microemulsion ATRP processes were conducted at a 
lower temperature (60 °C) and a slower stir rate (200 rpm) in order to obtain a more easily 
reproducible microemulsion. 
15 Run KM 547 (Microemulsion of MM A at 60 °C) 

EBiB: CuBr 2 /BPMODA: ascorbic acid: MMA = 1: 1/1.5: 0.4: 200. (MM A: Surf = 

1:2) 

According to the GPC trace and conversion measurements it was found that 
polymerization reached -50% conversion after approximately 5 min. The final molecular weight 

20 after 80% conversion deviated a bit from the theoretical values. Otherwise quite a few of the 
chains could have experienced coupling reactions and chain end functionality would be reduced. 
In the following two trials the second monomer was added 5-8 minutes after activation/initiation 
corresponding to -50% conversion based on the results from the microemulsion polymerization. 
In both of the trials sodium bromide was added in order to diminish the dissociation of Cu(ll) 

25 species. During these two reactions, the addition of NaBr didn't affect the stability of the 
emulsion. In the latter one a little bit of precipitation was found but the overall emulsion was OK. 
Run KM 549 (60 °C) 

EBiB: CuBr 2 /BPMODA: ascorbic acid: MMA(1): MMA(2) = 1: 1/1.5: 0.4: 200: 400 

(MMA(1 ): Surf =1 :2, NaBr 0.01 M). Add MMA(2) after 8 min. 
34 
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The degree of control over the polymerization was improved when the second lot 
of monomer was added 5-8 minutes after the addition of the reducing agent, ascorbic acid. 
Despite the curved semi-logarithmic kinetic plot, the experimental molecular weight basically 
followed the theoretical values. (Figure 10) Control over the polymerization appears to diminish 
5 as conversion increased above 50%. This behavior may be explained by a high Tg of pMMA 
and a relatively low reaction temperature (60 °C). The targeted DP was 600 so that the DP of 
the obtained polymer after 50% conversion was ~300 and the polymer solution displayed a 
glass state, meaning the polymer chain cannot fold/extend easily and catalyst diffusion is limited 
in the highly viscous system. 

10 In order to decrease the effect from high Tg of pMMA, a lower targeted DP was 

designed. At the same time, sodium bromide was replaced by cetanyl trimethylamino bromide 
(CTAB). Since CTAB can not only provide additional bromide ion, but also can work as a 
surfactant, the emulsion should further retain its stability. 

Note however that the results of this experiment point out one of the advantages 

15 of employing a reducing agent to activate an ATRP; namely the reducing agent can further be 
used to drive ATRA reactions and modify the end group of the first formed polymer. In co- 
pending patent application PCT/US05/007264 which incorporated US Provisional Application 
number 60/611,853 several high yield reactions were disclosed whereby the terminal 
functionality on a growing ATRP chain, or macroinitiator can be further functionalized and the 

20 transferable atom removed from the chain end in a single high yield reaction that can be driven 
to completion by addition of a small molecule and excess reducing agent to complete the 
coupling reaction. Therefore in one embodiment of the procedure when the polymerization of 
the monomer(s) is greater than 90% a small molecule comprising a functional group capable of 
reacting with a radical is added to the reaction in conjunction with an excess of a reducing agent 

25 whereby the polymer is capped by the added small molecule and the reaction is driven to 
completion by the added reducing agent thereby forming a stable functional material no longer 
comprising a radically transferable atom or group. 
Run KM 556 (60 °C) 
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EBiB: CuBr 2 /BPMODA: ascorbic acid: MMA(1): MMA(2) = 1: 0.5/0.75: 0.2: 100: 

200 

(MMA(1): Surf =1:2, CTAB 0.002 M). Add MMA(2) after 8 min. 

The polymerization retained stability after adding CTAB and the molecular 

5 distribution was relatively narrow below 50% conversion. 

Run KM 557 (Microemulsion of BA, 80 °C) 

Butyl Acrylate was selected as monomer Tg of pBA is lower than 0 °C. CTAB 
was added as a co-surfactant. 

EBiB: CuBr 2 /BPMODA: ascorbic acid: BA= 1: 0.5/0.75: 0.2: 100; (BA: Surf = 1:2, 

10 CTAB 0.01 M) 

The microemulsion was very stable with particle size 40 nm. The molecular 
weight followed the theoretical values very well and displayed an acceptable PDI (~1.4), 
meaning a controlled polymerization had been conducted. Compared with MMA, BA 
polymerized relatively slowly at a higher temperature at 80 °C and ~50% conversion was 
15 achieved after 30 minutes. Therefore in the ab-initio emulsion trial, the second part of monomer 
can be added correspondingly later. 

Run KM 559 (ab-initio Emulsion Conducted at 80 °C) 

EBiB: CuBr 2 /BPMODA: ascorbic acid: BA(1): BA(2)= 1: 0.5/0.75: 0.2: 100: 200 

(BA(1): Surf=1:2, CTAB 0.005 M) 
20 Add BA(2) after 16 min 

As shown in Figure 12 this polymerization can be considered to be a major 
success fully exemplifying the procedure. The linear semi-logarithmic kinetic plot indicates a 
constant radical concentration while the experimental molecular weight followed the theoretical 
target very well. 

25 EXAMPLE IV: Procedures to Reduce % Surfactant Employed. 

The target in this series of experiments was to significantly decrease the 
surfactant concentration. As shown above butyl acrylate can be controllably polymerized in this 
newly developed two-stage emulsion ATRP process with DP 220-300. The formation of a stable 
microemulsion requires a certain ratio of surfactant to monomer therefore it is important to 
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decrease the absolute amount of monomer added to the first part of the two step procedure. 
Consequently, the amount of catalysts that can be added to the first part of the procedure also 
needs to be reduced, because catalysts, especially Cu(ll) complexes have limited solubility in 
monomers. 

5 An embodiment of the ab-initbn polymerization process includes adding 

additional catalysts together with the second monomer. In such an embodiment, the catalysts 
would have to be transported across aqueous phase to. the polymerizing particles and during 
this transportation, Cu(ll) complexes may experience dissociation. For instance, in run KM 562 
a certain amount of catalyst (0.6 mole ratio compared with initiator) was separately dissolved in 

10 the first and second part of the monomer (0.2 and 0.4 mole fraction respectively). This allowed 
the targeted DP to be decreased to 50 in the microemulsion process. However, when the 
second part of monomer (containing 66% of the catalyst) was added to the microemulsion, it 
was clearly observed that the monomer could not diffuse quickly into the small particles and for 
at least two hours after addition of the second part of the monomer a large green oil drop floated 

15 on the top of the system. The final "emulsion" was not stable. In spite of the instability, the 
molecular weight still increased steadily with conversion and the MWD was also acceptable 
(PDI = 1.3). No additional catalyst was added to run KM 563. In the first part, the 
microemulsion stage the target DP was decreased to 20, allowing for a decrease in the amount 
of surfactant added to the system. After 9 hours the conversion reached -100%. The final 

20 emulsion retained stability. The final PDI was 1 .4. 

During the microemulsion stage the amount of surfactant was the same as 
monomer. The microemulsion formation was difficult because of insufficient surfactant and 
while longer time and heating was helpful in providing a microemulsion the stability of the final 
emulsion was significantly affected. All the emulsions (using such conditions with [surf]/[BA(1)] 

25 = 1/1) showed different levels of instability. Precipitation occurred, or large particle sizes (>500 
nm) were detected, and the resulting emulsion did not show a typical blue shade arising from 
light diffraction from uniform micelles. The reason was initially surmised to be the addition of 
sodium bromide or CTAB to the system however the polymerization ended up with the same 
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instability when no extra bromide was added. As usual, the kinetics and the molecular weight 
shift still showed the characteristics of a controlled polymerization, in spite of all the instabilities. 

However, when the ratio of surfactant/ monomer [surf]/[BA(1)] was 1:2, formation 
of the microemulsion was easier and a successful controlled polymerization was always 
5 conducted. In the following reactions, the ratio of [Surf]/[BA(1)] was fixed at 0.6/0.35. Therefore 
in order to decrease the amount of BA(1) further, the total amount of catalysts may be 
decreased. In some examples it was decreased to 0.15 relative to initiator. A microemulsion 
was easily formed and the final emulsion retained its stability. 

To examine whether sodium bromide or CTAB affected the stability or control, 
10 three parallel experiments were carried out. The result was that no obvious instability was found 
when sodium bromide or CTAB was added. The control over polymerization remained at the 
same level. However, the polymerization was slower than that without any extra counter-ion 
addition, probably due to Cu(ll) disproportionation in the aqueous phase. This indicates that as 
long as the initial microemulsion was stable, the resulting ab-initio emulsion was stable. The 
15 level of control was acceptable regardless of whether additional bromide ion added to reduce 
Cu(ll) dissociation on the aqueous phase. 

In the above experiments, the surfactant concentration was reduced to 2.3 wt%, 
which is typical of a normal emulsion polymerization. The solid content was 23% (assuming 
100% conversion) and this solid content can be improved easily by adding more monomer after 
20 the microemulsion is formed or during or after the second lot of monomer has been polymerized. 
The only cost is a slower polymerization. 
Run KM 574: 

[Surf]/[BA(1)] = 0.6/0.35; [surf]/[BA(total)] = 0.6/7 

[EBiB] : [Cu(ll)] : [BA(1)] : [BA{2)] = 1 : 0.15 : 15 : 285. 
25 In this polymerization, the concentration of surfactant was 2.2% and the final 

solid content was 26 wt% (assuming 100%). The kinetic plots and GPC curves showed that a 
fully controlled polymerization had been conducted. 

EXAMPLE V: Proof of "Llvingness" in an ab-initio Emulsion ATRP. 
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A controlled polymerization may be successfully obtained in an ab-initio emulsion 
ATRP system. In order to prove the "livingness" of the polymerization, i.e. the retention of active 
chain end-functionality in the polymers generated in the disclosed ab-initio emulsion 
polymerization, synthesis of a block copolymer was targeted in this in-situ two step system, by 
5 adding a second monomer, styrene, to the active emulsion polymerization. The polyBA formed 
in the first ab-initio emulsion polymerization should function as a macroinitiator for the 
polymerization of remaining BA and the added styrene, if styrene is added to an ongoing 
emulsion ATRP. The final polymer would be a block copolymer containing a homopolymeric 
p(BA) A block and a second B block consisting of a (BA-g-St) gradient copolymer with the % BA 
10 in the second block depending on the conversion of BA when the styrene was added to the 
ongoing polymerization process. 

The polymerization was controlled before and after styrene addition, as 
evidenced by the two linear first order kinetic plots, Figure 13. However, the slopes of the two 
kinetic plots are different, which can be attributed to a reduction in the absolute concentration of 
15 radicals after the addition of styrene. The GPC curves of polymers obtained from the 
continuous emulsion block copolymerization after styrene addition symmetrically moved toward 
higher molecular weight, Figure 14, indicating that no new polymer chains were formed after the 
addition of the styrene monomer. The polyBA macroinitiators were successfully chain extended. 
This is the first example of a block copolymer being prepared in an ab-initio emulsion ATRP 
20 . process. The polymer composition was analyzed by 1 HNMR which suggested that a smooth 
gradient copolymer was formed in the second block. The polymer composition of the second 
block is shown in Figure 15, indicating a BA-rich polymer head and a St-rich polymer tail, which 
corresponds with the differences in monomer concentration and the difference in reactivity ratio 
between these two monomers. This example proves that the ab-initio emulsion polymerization 
25 is indeed a "living" polymerization process and that all topological, compositional and functional 
materials prepared by ATRP. techniques can now be prepared in aqueous dispersed emulsion 
systems. 

EXAMPLE VI: Examples of Alternative Reducing Agents. 
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Other Reducing Agents for AGET ATRP in Bulk and Miniemulsion: Ascorbic 
acid is an environmentally acceptable reducing agent that sets up the correct ratio of 
Cu(l)/Cu(ll). Other reducing agents were examined in order to show the broad applicability of 
the AGET ATRP initiating system. Hydrazine was also used as reducing agent in miniemulsion 
AGET ATRP. 

The redox reaction is as follows: 
N 2 H 4 + 4Cu 2+ -> N 2 + 4Cu + + 4H + 

This indicates that an acid is generated by the reaction. However, because the 
reducing agent is basic, an excess of reducing agent hydrazine can help neutralize the 
environment. As observed, the color of the miniemulsion remained green for 20 hours, which 
means most of catalyst remained within the miniemulsion droplets. 

Run KM 612 Hydrazine as Reducing Agent: 

[BA]: [EBiB]: [CuBr 2 /BPMODA]: [Hydrazine^ 211: 1: 0.4: 0.2 (the amount of 
hydrazine added was 2 times the stoichiometric amount) 

The polymerization was slower than a similar embodiment with ascorbic acid as 
the reducing agent. In the case of ascorbic acid, usually polymerization reached 70-80% 
conversion after 6 hours. In the case of hydrazine, the conversion only reached around 35% 
after 6 hours. However, the polymerization continued to display linear kinetics even after -20 
hours, which means the catalysts were safely protected inside miniemulsion droplets and there 
was no change in the concentration of active radical species throughout the entire reaction. 
These results prove that hydrazine is actually a suitable reducing agent for miniemulsion AGET 
ATRP particularly in light of the fact that the byproduct of the reduction reaction is nitrogen gas. 

We also visually examined the kinetics of hydrazine reduction of Cu(ll) 
complexes. Solutions of Cu(ll)/TPMA were reduced by ascorbic acid and hydrazine in two side 
by side experiments. It was observed that hydrazine reduced Cu(ll)/TPMA over a relatively long 
period; this reaction slowly reached equilibrium (the color was changing over a whole day) while 
the color of the ascorbic acid solution did not undergo any further change after several hours. 
This demonstration means, ascorbic acid reduced Cu(ll) complexes quickly, however the 
equilibrium constant was relatively small while hydrazine reduced Cu(ll) more completely 
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(maybe because it is not a reversible equilibrium) but relatively slowly. Hydrazine may therefore 
act as a very good reducing agent for AGET ATRP in aqueous dispersed media. This can even 
be used to decrease the catalyst concentration in aqueous dispersed media because the 
diffusion of catalyst was suppressed. The slower rate of polymerization of the first monomers 
indicates that hydrazine would be a suitable reducing agent for fast polymerizing monomers 
such as MMA in a microemulsion allowing time for addition of a second monomer to an active 
polymerization. 

Hydrazine was also successfully used as the reducing agent in a bulk ARGET 
ATRP of n-butyl acrylate (BA). The concentration of copper can be decreased to 50 ppm and a 
good control over polymerization was obtained. Indeed the experience gained in ARGET ATRP, 
where excess ligand is almost a requirement for a successful reaction indicates that various 
amines may act as reducing agents. According to a study in 1992, aliphatic amines are more 
efficient in reduction reactions compared with benzyl amine, while benzyl amine is much more 
efficient than picolyl amine. In short, Me 6 TREN should be much more reducing than TP MA. 
However, according to a UV examination of the reduction of various Cu(ll) complexes suitable 
as precursors for an ATRP, Me 6 TREN doesn't reduce Cu(ll)/Me 6 TREN complex very efficiently. 
Compared to phenyl hydrazine, Me 6 TREN is a weak reducing agent and the redox reaction 
quickly reached equilibrium with only very small amount of Cu(ll)/ Me 6 TREN complexes reduced. 

In the experiments with the same amount of ligand and reducing agent hydrazine, 
the polymerization with Me 6 TREN was much faster than that with TPMA. However, at the 
comparable level of conversion, a better control over polymerization was obtained when TPMA 
was used as ligand. 

AGET/ARGET ATRP of BA in bulk with BHA as reducing agent: 
In order to further extend the choices of reducing agent, butylated hydroxyanisole 
(BHA) and the related compound butylated hydroxytoluene (BHT), phenolic compounds that are 
often added to foods to preserve fats, which indicates they are relatively safe for an 
environmentally friendly ATRP, were examined. The AGET ATRP of butyl acrylate was 
successful in bulk using BHA as reducing agent with a mole ratio of [BA] : [EBiB] ; 
[CuBr 2 /PMDETA] : [BHA] = 200: 1: 0.5: 0.75 
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Fructose as reducing agent: Other reducing agents were examined to 
determine if the rate/extent of reduction of Cu(ll) could be controlled by selection of appropriate 
agents particularly since glucose was successfully employed in ARGET ATRP of styrene in bulk. 
However when glucose was used in AGET ATRP in miniemulsion, no polymerization was 
5 detected. Glucose was therefore considered to be too weak a reducing agent and it was not 
appropriate for aqueous dispersed media. Fructose is a more reducing sugar than glucose 
therefore it may be a good reducing agent for aqueous dispersed media. 

Fructose was initially attempted in a miniemulsion ATRP of BA. (Run KM 660: 
[BAJ: [EBiB]: [CuBr s /BPMODA]: [fructose] = 300: 1: 0.3: 0.25) According to the kinetic plot, the 

10 polymerization was very slow and after 8 hours the monomer conversion only reached 10.4%. 
The polymerization seemed to accelerate a little bit after that, and the monomer conversion 
increased to 34.8% after 21 hours. In spite of the very slow polymerization, the resulting 
polymer exhibited very narrow molecular weight distribution (M w /M n =1.16). Therefore fructose 
can be deemed as a suitable reducing agent for ATRP in aqueous dispersed media. It is 

15 probable that a larger amount of fructose should lead to a higher polymerization rate. 

Ab-initio Emulsion Polymerization of Methyl Methacrylate: 
As noted in example III, the (co)polymerization of active monomers, i.e. those with a high k p and 
slow k d eact such as MMA remains difficult since when there is a small amount of monomer in the 
first formed micelles there is little time between addition of reducing agent and addition of 

20 second lot of monomer if efficient use if initiator is desired. In example III this was addressed by 
lowering the reaction temperature however there are limitations inherent in this approach. 
Therefore the amount of ascorbic acid was adjusted from 33 mol-% of the Cu(ll) down to 0.5 
mol-% (as seen in Table 6). It was observed that all of the polymerizations were initiated quickly 
after the addition of ascorbic acid; usually 5 minutes after the ascorbic acid the microemulsion 

25 was observed to become translucent, indicating that the nucleation started. The colloidal 
stability was good, as evidenced by a 40-50 nm particle size and narrow particle size distribution. 
All of the polymerizations had a controlled rate according to the kinetic plots. (Figure 17.) This 
means the polymerization rate can be adjusted by tuning the amount of reducing agent. This 
technique should very useful for an ab-initio emulsion polymerization because the 
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polymerization rate can be modified so that all of the polymeric chains remain "living" before the 
addition of secondary monomer. 

Table 6. Run conditions examining lower amounts of reducing agent. 
Run No. MMA:Cu(ll) Ascorbic Acid Ratio Cu:AA 

KM 656 150:0.6 0.03 1 ■ 0.05 

KM 658 150:0.6 0.12 1:0.2 

KM 659 150:0.6 0.2 1:0.33 

The low molecular weight polymer formed in these reactions had relatively low 
PDI and the GPC curves of the polymer samples taken at intervals throughout the reactions 
shifted towards higher MW as conversion increased. In short, addition of less ascorbic acid 
successfully decreased the polymerization rate which is the first step towards a successful ab- 
intio emulsion ATRP of methacrylate(s). 

While reducing the amount of reducing agent added to the first formed 
microemulsion allows one to reduce the rate of propagation in the first formed micelles thereby 
creating a window of opportunity, or sufficient time, to add the second monomer(s) to an active 
living propagating p(MMA) chain the overall rate may be slower than desired for the second step. 
The rate of polymerization in the second step can be increased by addition of more reducing 
agent. This second addition of reducing agent can be the same reducing agent as the first 
addition or a different compound. 

Fructose as Reducing Agent for Microemulsion ATRP of Methyl 

Methacrylate: 

Ratio of reagents in run KM 663: [MMA]: [EBiB]: [CuBr 2 /BPMODA]: [fructose] = 

150: 1:0.6: 0.5 

As expected, the polymerization was very slow. The nucleation was observed at 
70-80 min after injection of fructose. According to the kinetic plot, Figure 18, the polymerization 
reached 22% conversion after 6.5 hours. The molecular weight exhibited a mono-modal peak in 
GPC traces. However the molecular weight was higher than expected and while it is still a 

43 



WO 2007/025086 



PCT/US2006/033152 



promising option for ab-intio emulsion ATRP since the kinetic plot indicates the chains were 
living. Initiation efficiency may be a problem and a more active reducing agent or increased 
amount of fructose may have to be added for the first step. 

In order to fully disclose and discuss how to conduct an ab-initio emulsion 
polymerization of free radically copolymerizable monomers using an ATRP we have 
methodically disclosed the steps that were examined to provide a solid understanding of the 
problems associated with a true, emulsion ATRP and thereby enable such polymerizations. 
Therefore these examples are purely exemplary of the disclosed process and one 
knowledgeable in the art can apply the teachings to a broad spectrum of material synthesis. 
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Claims 

1. A microemulsion polymerization process, comprising: 

adding a polymerization catalyst precursor; initiator comprising a radically 
transferable atom or group, and an organic solvent to an aqueous solution to form an 
emulsion; 

adding first radically polymerizable monomers to the emulsion; and 
adding a reducing agent to convert the catalyst precursor to a catalyst for 
polymerization of the first monomer from the initiator. 

2. The microemulsion polymerization process of claim 1, wherein the organic solvent 
comprises a second radically polymerizable monomer. 

3. The microemulsion polymerization process of claim 1, wherein the organic solvent is a 
second radically polymerizable monomer. 

4. The microemulsion polymerization process of claim 2, wherein the second radically 
polymerizable monomers are hydrophobic. 

5. The microemulsion polymerization process of claim 1, wherein the catalyst comprises a 
transition metal coordinated to a ligand. 

6. The microemulsion polymerization process of claim 5, wherein the ligand is hydrophobic. 

7. The microemulsion polymerization process of claim 1, wherein the step of adding the 
reducing agent is performed prior to the step of adding second monomers. 

8. The microemulsion polymerization process of claim 1 , wherein the step of adding the 
reducing agent is performed after to the step of adding second monomers. 

9. The microemulsion polymerization process of claim 1 , wherein the catalyst precursor is a 
transition metal complex in a higher oxidation state. 

1 0. The microemulsion polymerization process of claim 9, wherein the catalyst is a transition 
metal complex in a lower oxidation state. 

11. The microemulsion polymerization process of claim 1, further comprising mixing the 
emulsion with additional monomer(s). 

12. The microemulsion polymerization process of claim 1, wherein the reducing agent is at 
least one reducing agent selected from ascorbic acid, reducing sugars, fructose, 
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lavonoids, quercetin, beta carotene, a-tocopherol, propyl gallate, octyl gallate, BHA or 
BHT, nitrites, propionic acids, sorbates, sulfites, S0 2 , sulfites, bisulfites, thiosulfates, 
mercaptans, hydroxylamine, hydrazine, nitrites, substituted hydrazines, hydrazones, 
amines and substituted amines, phenols, enols, or non-acid forming viologens. 

13. The microemulsion polymerization process of claim 1, wherein the aqueous solution 
comprises a surfactant. 

14. The microemulsion polymerization process of claim 13, wherein the surfactant is non- 
ionic. 

15. The microemulsion polymerization process of claim 1, wherein the catalyst precursor is 
an atom transfer radical polymerization deactivator. 

16. The microemulsion polymerization process of claim 1, wherein the reducing agent is 
water soluble. 

17. The microemulsion polymerization process of claim 1, wherein the reducing agent will 
partition between the both phases of the emulsion. 

18. The microemulsion polymerization process of claim 13, wherein a molar ratio of 
surfactant to first monomer is less than 1 . 

1 9. The microemulsion polymerization process of claim 6, further comprising: 

adding a hydrophilic ligand. 

20. The microemulsion polymerization process of claim 19, further comprising: 

contacting the emulsion with a ion exchange resin. 

21. The microemulsion polymerization process of claim 1, wherein the emulsion comprises 
micelles with an average hydrodynamic diameter of less that 100 nm. 

22. The microemulsion polymerization process of claim 21 , wherein micelle comprises the 
catalyst precursor, initiator, and organic solvent. 

23. The microemulsion polymerization process of claim 1, wherein the emulsion comprises 
micelles with an average hydrodynamic diameter of less that 50 nm. 

24. The microemulsion polymerization process of claim 1, wherein the aqueous solution 
comprises a salt. 
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25. The microemulsion polymerization process of claim 24, wherein the salt comprises a 
halide. 

26. The microemulsion polymerization process of claim 1, wherein the organic solvent 
comprises a second radically polymerizable monomer and a ratio of surfactant to 
monomer is less than 1 :3. 

27. The microemulsion polymerization process of claim 1 , the ratio of surfactant to monomer 
is less than 1:10. 

28. The microemulsion polymerization process of claim 1, wherein adding first radically 
polymerizable monomers to the emulsion comprises adding the first radically 
polymerizable monomers continuously or in stages to the polymerization process. 

29. The microemulsion polymerization process of claim 1, wherein adding first radically 
polymerizable monomers to the emulsion comprises adding the first radically 
polymerizable monomers after 75 mol % of the second radically polymerizable monomer 
is consumed in the polymerization process. 

30. The microemulsion polymerization process of claim 1 , wherein the initiator comprises an 
additional functional group. 

31 . The microemulsion polymerization process of claim 1 , wherein the initiator comprises 
more than one radically transferable atom or group. 

32. The microemulsion polymerization process of claim 1, wherein the polymerization 
process forms an emulsion with solid content of greater than 1 0%. 

33. The microemulsion polymerization process of claim 1 , wherein the emulsion has a solid 
content of greater than 20%. 

34. The microemulsion polymerization process of claim 3, wherein the ratio of second 
radically polymerizable monomers to first radically polymerizable monomers is less that 
1:1. 

35. The microemulsion polymerization process of claim 3, wherein the ratio of second 
radically polymerizable monomers to first radically polymerizable monomers is less that 
1:10. 
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36. A rnicroemuision polymerization process, comprising: 

adding a polymerization catalyst precursor; radical initiator, and a monomer to an 
aqueous solution to form an emulsion; 

adding a second monomer to the emulsion; and 

forming radicals from the radical initiator to initiate the polymerization process. 

37. The rnicroemuision polymerization process of claim 36, wherein the forming radicals is 
performed by raising the temperature of the emulsion or exposing the emulsion to 
ultraviolet light. 

38. A rnicroemuision polymerization process, comprising: 

, adding a polymerization catalyst, initiator comprising a radically transferable atom 
or group, and an organic solvent to an aqueous solution to form an emulsion; and 
adding first radically polymerizable monomers to the emulsion. 
39 An ab-initio emulsion ATRP polymerization process wherein the catalyst, or catalyst 
precursor, initiator (co)monomers and optionally solvent, reside predominately in a first formed 
stable micelle and additional (co)monomer(s) reside in droplets and monomers diffuse from 
droplets to micelles as the polymerization progresses. 

40. A rnicroemuision ATRP polymerization wherein the catalyst or catalyst precursor, initiator 
and comonomers and optionally solvent reside predominately in a micelle with particle size less 
than 100 nm and the polymerization is initiated by addition of a reducing agent. 

41. The rnicroemuision polymerization process of claim 40 wherein additional comonomers 
are added to the reaction either prior to or after activation of the reaction by addition of a 
reducing agent. 

42. The rnicroemuision polymerization process of claim 40, wherein additional comonomers are 
added to the reaction after activation of the reaction and a second reducing agent is added. 

43. The ab-initio polymerization process of claim 41, wherein the aqueous suspension medium 
further comprises a halide containing salt. 

44. The process of claim 39, wherein the first formed stable micelle comprises a ratio of 
surfactant to final monomer greater than 1 :3. 

45. The process of claim 44, wherein the first formed stable micelle comprises a ratio of 
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surfactant to final monomer greater than 1:10. 

46. The process of claim 39, wherein the reducing agent has a finite solubility in water. 

47. The process of claim 46, wherein the reducing agent is a water soluble reducing agent. 

48. The process of claim 46, wherein the reducing agent is ascorbic acid, a reducing sugar, 
a phenol, an enol, hydrazine or a substituted hydrazine, an amine or a substituted amine or 
other antioxidants. 

49. The process of claim 39, wherein the ligand on the transition metal compound that forms 
the catalyst or catalyst precursor is a hydrophobic ligand. 

50. The process of claim 39, wherein the hydrodynamic diameter if the first formed stable 
micelle is smaller than 100 nm. 

51. The process of claim 39, wherein the hydrodynamic diameter if the first formed stable 
micelle is smaller than 50 nm. 

52. The process of claim 41, wherein additional monomer(s) are added continuously or 
sequentially to the active polymerization process. 

53. The process of claim 39, wherein the initiator comprises an additional functional group. 

54. The process of claim 39, wherein the initiator comprises one or more ATRP initiating 
functional groups. 

55. The process of claim 39, wherein the solids content of the final ab-initio emulsion is 
greater than 10% 

56. The process of claim 39, wherein the solids content of the final ab-initio emulsion is 
greater than 20% 

57. The process of claim 39, wherein the ratio of monomers added to the first formed 
micelles to the additional monomers forming the final ab-initio emulsion is greater than 1:1 

58. The process of claim 39, wherein the ratio of monomers added to the first formed 
micelles to the additional monomers forming the final ab-initio emulsion is greater than 1:10 

59. The process of claim 39, wherein the final ab-initio emulsion is exposed to an ion 
exchange resin to remove the catalyst complex from the latex. 

60. A process for conducting a microemulsion ATRP wherein a catalyst precursor comprising 
a transition metal, a ligand, an ATRP initiator comprising one or more radically transferable 
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atoms or groups reside in a stable micelle formed by addition of a solution of the catalyst 
complex and ATRP initiator one or more monomers to an aqueous solution of an surfactant and 
the catalyst is activated by addition of a water soluble reducing agent thereby initiating the 
polymerization. 

61 . A process for the preparation of gradient copolymers comprising the continuous ab-initio 
emulsion ATRP polymerization process of claim 39, wherein a second different monomer is 
added to the ongoing reaction after the reaction has been initiated. 

62. A process for the preparation of block copolymers comprising the continuous ab-initio 
emulsion ATRP polymerization process of claim 39, wherein a second different monomer is 
added to the ongoing reaction after more than 75% of the first additional monomer(s) has been 
consumed. 

63. A microemulsion ATRP process, comprising: 

forming an emulsion comprising a transition metal catalyst in a lower oxidation 
state and radically polymerizable monomers in an aqueous solution, wherein the aqueous 
solution comprises water and surfactant; and 

adding an ATRP initiator to the emulsion. 

64. The process of claim 63, wherein the transition metal catalyst comprises a hydrophobic 
ligand. 

65. The process of claim 63, wherein the ATRP initiator is hydrophobic. 

66. A microemulsion ATRP process, comprising: 

forming an emulsion comprising a transition metal catalyst in a higher oxidation 
state and radically polymerizable monomers in an aqueous solution, wherein the aqueous 
solution comprises water and surfactant; and 

adding a conventional radical initiator to the emulsion. 

67. The process of claim 66, wherein the transition metal catalyst comprises a hydrophobic 
ligand. 

68. The process of claim 66, wherein the conventional radical initiator is hydrophobic. 
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